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Carbon nanotube field effect transistors (CNTFETs) have attracted much 
attention owing to their potential importance to integrated circuits. However, to 
date, there are still challenges faced by CNTFET, e.g., the optimization of Ohmic 
contacts between CNT and metal, the precise position and alignment of CNT, and 
the presence of both metallic and semiconducting CNTs during synthesis and the 
inability to remove all the metallic CNTs during subsequent device fabrication.    
In our work, we have developed a thermal solid state reaction method to 
achieve niobium carbide (Nb2C) between single wall CNT (SWCNT) and 
niobium (Nb) electrodes. It is found that the Nb2C contact exhibits very small 
Schottky barrier (~18meV) to p-type transport which means near Ohmic contact 
to SWCNT has been achieved. More importantly, the Schottky barrier between 
SWCNT and Nb2C contact is almost independent of the tube diameter (d) for d 
down to 1 nm. The performance of Nb2C contacted SWCNT FET is as good as 
that with Pd contacts for d > 1.6 nm and better when d is smaller than 1.6 nm. In 
addition, Nb2C contact surpasses titanium carbide (TiC) contacts by yielding 
more unipolar FET characteristic.  
In order to overcome the challenges of alignment and positioning issues of 
CNT and of removing metallic CNTs in device fabrication, we have also 
developed thin film FET based on random network of SWCNT. Owing to the lack 
of study on n-type random network SWCNT FETs (rn-SWCNT FETs), we focus 
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on their fabrication by means of contact engineering, using low work function 
metal Yttrium. As expected, the rn-SWCNT FETs have better reproducibility than 
FETs based on individual SWCNT. By employing 2,4,6-triphenylpyrylium 
tetrafluoroborate (2,4,6-TPPT) to selectively etch the metallic nanotubes in the rn-
SWCNT, the FETs achieve high on/off current ratio up to ~10
5
, good unipolar 











and transconductance ~0.12 S/m. Moreover, they have demonstrated air-stable 
n-type characteristics.  
We have also demonstrated that SWCNT Schottky diodes can be 
fabricated by asymmetrically modifying the Schottky barrier at the two 
Au/SWCNT contacts. In our work, thiolate molecules methanethiol (CH3SH) and 
trifluoroethanethiol (CF3CH2SH) are used to achieve such modification and the 
characterizations have revealed that the highly asymmetrical contacts with 
Schottky barrier heights of ~190 and ~40 meV, respectively, can be achieved for 
the modified Au/SWCNT contacts. The SWCNT Schottky diodes exhibit good 
performance: forward and reverse current ratio higher than 10
4
, forward current as 
high as ~5 A, reverse leakage current as low as ~100 pA, and current ideality 
factor as low as ~1.42. This is at least comparable to SWCNT Schottky diodes 
fabricated with asymmetrical metals which have been well developed.  
In addition to the study on CNT and metal contacts, we have investigated 
the transport characteristics of double wall carbon nanotube with both 
xi 
 
semiconducting tubes (s-s DWCNT). It has been found that the tube-tube 
interaction in s-s DWCNT is important to the transport characteristic of DWCNT 
and is dependent on the diameter of DWCNT. Hence, the s-s DWCNT FET can 
behave differently from SWCNT FET as a result of the variation of the inter-tube 
interactions. In general, the conductance of s-s DWCNT is found to be larger than 
that of SWCNT with the same diameter, owing to the weaker electron–phonon 
scattering in the DWCNT than that in SWCNT as a result of inter-tube interaction. 
However, when the tube diameter is very small (<1.6 nm), the bandgap of s-s 
DWCNT is greatly reduced owing to the π-σ rehybridization of the even smaller 
inner tube. Therefore, it is suggested that DWCNT FET can be one promising 
candidate of CNT based devices in addition to SWCNT FET.  In the study of 
DWCNT FETs, it has also been found that ruthenium oxide (RuO2) can form 
near-Ohmic contact with DWCNT owing to its high work function and good 
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Chapter 1  
Introduction 
 
In the past few decades, exciting developments in electronics have been 
achieved as a result of the continuous miniaturization of silicon based electronic 
devices. However, with devices becoming smaller and smaller, the limitations in 
both fundamental physics and technologies have been realized to be the 
significant challenges to modern electronic devices. The realization of the 
approaching limits sparked an intense search for alternative technologies. The 
effort involves searching for new device principles or new materials. Some 
approaches abandon traditional electron transport-based electronics but take use 
of other physical principles: for example, developing devices based on spin 
transport. Another approach maintains the operating principles of the currently 
used electronic devices, primarily that of the field-effect transistor, but replaces a 
key component of the device — the conducting channel (silicon), with new 
materials (Avouris et al., 2007). Among these materials, carbon nanotube (CNT) 
is considered one of the promising candidates owing to its superior physical and 
electronic properties (Avouris et al., 2003).  
In this chapter, we will first examine briefly the electronic structure and 
electrical transport properties of CNTs, mainly that of the single wall carbon 
nanotube (SWCNT), which is the simplest form of CNT. The focus is on the 




physical phenomena involved, which will help us better understand how the CNT 
based devices work. In the latter part, a brief review of the CNT based devices, 
e.g., field effect transistors and diodes will be presented with particular emphasis 




1.1 The transport characteristic of single wall carbon nanotube   
One of the most attractive properties of CNT is its ballistic characteristic 
owing to its long elastic mean free path at room temperature, which is of the order 
micrometer (Kajiura et al., 2005). The ballistic transport makes high speed and 
low power consumption devices possible, and is a reason for CNT to be 
considered a promising candidate to replace silicon in the next generation 
electronic devices. The length over which a CNT can behave as a ballistic 
conductor depends on its structural perfection, temperature and the strength of the 
driving electric field. In general, ballistic transport can be achieved over lengths 
typical of a modern scaled electronic device that is ≤ 100 nm. However, this can 
be extremely long, up to 10 micron in CNTs (White and Todorov, 1998)], i.e., as 
much as 1,000 times higher than that in bulk silicon.  
Under high bias conditions, optical phonon scattering becomes very strong 
in CNTs and such processes were first observed in metallic tubes (Javey et al., 




2004b; Ji-Yong et al., 2004; Zhen et al., 2000) and later in semiconducting tubes 
(Yung-Fu and Fuhrer, 2005). Owing to the short optical phonon mean-free-path, 
of the order of 10–20 nm, the current in SWCNTs is found to saturate at about 25 
(Javey et al., 2003; Mann et al., 2003)meaning for FETs based on individual 
SWCNT, the highest output current in principle would be 25 For long CNTs 
(i.e., with length much longer that the mean free path), many scattering collisions 
can take place and the carrier transport in CNT is diffusion limited, similar to 
conventional conductors, and in this regime, the carriers in CNT have finite 
mobility. 
It should be noted that the resistance of a ballistic CNT is not zero, even 
though there is no scattering in the conduction channel in principle. This is 
because there is a mismatch of the number of states between one dimensional (1D) 
CNT and three-dimensional (3D) metal electrodes. And this mismatch of number 
of states would lead to a quantized resistance at CNT and metal contacts. 
(Buttiker, 1988; Landauer, 1996). The size of the quantized resistance is: 
 kehRQ 562
2 .)/(  (Javey et al., 2003). In addition to quantum resistance, a 
contact resistance owing to the Schottky barrier at the CNT/metal interfaces 
always exist in practical CNT based devices, and it could play a more important 
role in the transport characteristic of CNT based devices (Heinze et al., 2002). 
The Schottky barrier resistance of a CNT and metal contact is dependent on 
almost all the factors of the contact system, e.g., the nanotube properties (Tseng et 




al., 2006), the atomic structure of metal electrodes (Shan et al., 2004) and the 
contact structures (Vitale et al., 2008). Moreover, ‗parasitic‘ resistance, which is 
simply owing to ‗bad‘ contacts and resulting from the process issues of the device 
manufacture process, could also exist and affect the transport characteristics of 
CNT (Zhang et al., 2006).  
In conclusion, the unique structure of CNT would significantly impact its 
electrical transport properties and in the following sections we will discuss the 
electrical characteristic of CNTs based devices.  
 
1.2 Carbon nanotube and metal contact 
As with any electronic device, contacts need to be established for CNT 
electronics and creating good connection between CNT and metal is a challenging 
field in modern nanotechnology. In this section, we will analyze the 
characteristics of CNT and metal contacts which dominate the transport 
mechanism of CNT based devices such as field-effect transistors (FETs) and 
Schottky diodes. Moreover, the study of CNT and metal contact is the main focus 
of this dissertation.  
 
 
1.2.1 Atomic structure of carbon nanotube and metal contacts 
CNT can be regarded as rolled-up of graphene and owing to the anisotropy 
of graphene, there are two completely different interfaces between a CNT and a 




metal crystal, as shown in Figure 1.1. The CNT may constitute an end-contact to 
the metal, involving covalent bonds at the interface, or a side-contact where the 
metal forms a weakly bonded interface with the surface of the tube (Banhart 
2009). To date, more experimental work has been devoted to the side-contact 
interface. This is because the main method to make electrical contacts to CNTs is 
to deposit a metal strip from above or depositing CNTs on top of metal electrodes. 
However, a large contact resistance has always been measured, in particular when 
the CNT is just lying on a metal electrode without any ‗soldering‘ (Chen et al., 
2006). Therefore, the full utilization of the ballistic transport characteristic of 




Figure 1.1: Two types of interface between a metal crystal and a carbon nanotube: 
end-contact (top) and side-contact (bottom) (Banhart 2009).  




1.2.1.1 Carbon nanotube and metal contact with side-contact structure 
As the (0001) surface of graphene is chemically rather inert, it is assumed 
that weakly bonded metals are attached to the graphene surface by the Van der 
Waals bonding, and covalent chemical bonds are absent (Banhart 2009). 
Therefore, the interface between a CNT and a metal with side-contact structure is 
determined by the surface wetting of metal electrodes to CNTs (Maiti and Ricca, 
2004). It has been reported that there is dramatic difference in the wetting 
properties of metals to CNTs, e.g., Ti, Ni and Pd have good wetting properties 
with CNT, while Al, Fe and Au have bad wetting properties (Zhang et al., 2000). 
Good wetting means the deposition of metal layers on CNTs is continuous 
whereas poor wetting leads to isolated metal islands deposited on CNT surface. 
The binding energy between a metal atom and a CNT surface is one parameter 
that identifies the wetting properties of metal. This is because the binding energy 
between a metal atom and a CNT surface determines which metal sticks best to 
the surface.  
However the wetting property is not the only factor that is critical to the 
electrical properties of the CNT and metal contact (Maiti and Ricca, 2004). For 
example, Ti has higher cohesion energy on the surface of CNT than Pd and 
therefore a better wetting property. However Ti forms a poorer (mostly non-
Ohmic) electrical contact, while Pd can form Ohmic contacts with CNTs. In the 
simulation study (an ab initio study) of carrier injection at the Ti (Pd)/CNT 




contact, the charge density redistribution at Ti/CNT contact suggests that charge 
accumulation in the atomic layers, depopulation of the interlayer region, and thus 
an increase of the interlayer scattering potential. On the other hand, the populated 
interlayer state and the lower scattering potential and at the Pd/CNT junction is 
found (Nemec et al., 2006). The lower scattering potential leads to more efficient 
injection of charges from metal contacts into the CNTs. Therefore, the Pd/CNT 
contact is superior to the Ti/CNT contact.  
Besides the charge transfer, the contact electrical quality also depends on 
the nanotube-metal hybridization. Based on Landauer transport calculations, the 
‗optimum‘ metal-nanotube contact generally involves a weak hybridization 
between metal contacts and CNTs (Nemec et al., 2006). This on the other hand 
identifies that Pd/CNT contact is a better electrical contact than Ti/CNT contact, 
owing to the much stronger band shift at Ti/CNT junctions (Nemec et al., 2006).  
 
 
1.2.1.2 CNT and metal contact with end-contact structure 
Owing to the stronger bonding and the better coupling at the interface, an 
end-contact structure should be favorable for CNT and metal contacts. One 
promising way to achieve CNT and metal end-contact is by forming metal carbide 
at the CNT and metal interface (Zhang et al., 1999).  




In experiments, transition metals are often employed for CNT contacts. 
The bonding between transition metal and CNT is dependent on the number of 
unfilled d-orbitals in the transition metal (Andriotis et al., 2000). This is because 
the hybridization for a CNT and metal side-contact is determined by the overlap 
of the pz-orbitals of carbon (normal to the surface of CNTs) and the d-orbitals of 
transition metals. For example, Au or Pd has no unfilled d-orbitals and therefore 
exhibit a low affinity for carbon. Metals with a few vacant d-orbitals (Ni, Fe, Co) 
have a higher affinity, which is also reflected by the fact that these metals have a 
certain (yet low) solubility for carbon. Metals of 3d- and 4d-type with vacant d-
orbitals (Ti, Nb) form strong bonds with carbon (Andriotis et al., 2000). Strong 
metal–carbon bonds can lead to a sufficient solid-state reaction and to the 
formation of stable carbides. Therefore, the number of unfilled d-orbitals is a very 
important parameter for selecting metals to form CNT and metal carbide contacts 
for the application of CNT based devices.  
 
 
1.2.1.3 Summary of the atomic structure of carbon nanotube and metal 
contacts 
In conclusion the nature and geometry of the metal and CNT contact can 
drastically change its electrical behavior. In theory, end-contact structure is 
preferred to side contact structure for the formation of Ohmic metal and CNT 




contacts. Solid state formation of metal carbide is one promising way to achieve 
end-contacts, and transition metals with more unfilled d-orbitals are preferred 
candidate for the formation of carbide contacts.  
However, side-contact structure is much more commonly used in CNT 
based devices owing to its simpler processing. Therefore, it is also important to 
understand the properties of such contact structure and to optimize its electrical 
performance. It has been found that for good electrical side-contact, metals with 
both good wetting and weak hybridization with CNT are preferred, e.g., Pd.  
It should be noted that the metal and CNT contact is a very complex 
system with properties determined by a combination of factors, including the 
atomic structure of metal electrode, the interface structure, etc. As the CNT and 
metal contact is not yet fully understood, it is the main focus of this dissertation. 
 
1.2.2 Charge transfer between metals and CNTs contacts 
Schottky barriers in a 1D system differ in one crucial aspect from that in 
three dimensional (3D) system: they are much thinner (on the nanometer scale), 
and tunneling or thermally activated tunneling through the barrier is more 
important than thermal emission over the barrier. This has important 
consequences for the charge transport at the CNT and metal contacts.  
In a 3D system, metal-induced gap states appear in the semiconductor and 
behave similar to surface states, and the Fermi level of the metal is pinned close to 




the middle of the semiconductor band gap and this is known as ‗Fermi pinning‘. 
However, for a CNT and metal system, Fermi level pinning owing to metal-
induced gap states is not as effective as conventional semiconductor (Leonard and 
Tersoff, 2000). This is because of the point-like contact between CNT and metal 
electrodes and therefore potential shifts at the CN/metal interface decay rapidly in 
a direction normal to the interface and disappear within a few nanometers (Martel 
et al., 2001). Therefore, for CNT and metal contacts, the Schottky barrier has a 
width of a few nanometers only, and electrons can tunnel through the barrier 
easily. As the Fermi pinning is not important in the CNT-metal contact, the 
Schottky barrier height (SBH) is very sensitive to the work function of the metal. 
By employing small work function metals, e.g., Ca (Nosho et al., 2005), Gd (Kim 
et al., 2008), Y (Ding et al., 2009) and Sc (Jiao et al., 2008), n-type Schottky 
contacts were formed; while by using high work function metals, e.g., Au (Martel 
et al., 1998), Pd, Rh (Kim et al., 2005) and Pt (Tans et al., 1998), p-type Schottky 
contacts were formed. As for metals with intermediate work function values such 
as Ti (Martel et al., 2001) and Mg (Nosho and et al., 2006), the Schottky barrier 
heights for hole and electron transport are similar, as the Fermi level of metal is 
near the middle of the bandgap of carbon nanotube, and lead to ambipolar 
characteristic.   
In addition to the work function of metal, the diameter of CNT (d) is 
another important parameter that affects the Schottky barrier at the CNT and 




metal contacts. This is because the bandgap of semiconducting CNT is a function 
of its diameter. The larger the tube diameter, the smaller the Schottky barrier 
height for both hole and electron transport. Therefore, a CNT of small diameter 
always leads to unipolar contact characteristic, while a CNT of large diameter 
leads to ambipolar contact characteristic. 
Ohmic contact, on the other hand, is established when the metal work 
function is within the valence or conduction band of a semiconducting CNT. 
Ohmic side-contact has been obtained for Pd on a semiconducting CNTs (Javey et 
al., 2003). However, this can only be achieved for semiconducting SWCNTs (s-
SWCNTs) with large diameter (>1.6 nm). For small diameter SWCNT, the 
Schottky barrier still exists at the contacts (Kim et al., 2005), which means there 
is a limitation with Pd yieding Ohimic contact to CNT. To date, several 
techniques have been investigated to achieve Ohmic CNT and metal contact, in 
addition to Pd, e.g., using metal carbides (Martel et al., 2001) or doping at contact 
region (Chen et al., 2005). Currently, there are still a lot of research efforts on 
CNT/metal contacts aiming to improve the CNT based devices further. 
In conclusion, establishing reliable electrical metal contacts on CNTs is a 
goal that should be achieved. Contacts with very low Ohmic resistance are 
important to achieving outstanding electrical properties of CNTs such as ballistic 
transport. However, this does not mean that Schottky contact is bad and in fact 
high performance Schottky contacted devices, e.g., FETs (Yu-Ming et al., 2005a) 




and diodes (Manohara et al., 2005) have been achieved. In addition, Schottky 
contact is critical to achieving some new concept devices, such as single electron 
FET where the existence of coulomb blockade results from large Schottky 
barriers at the contacts [(Matsuoka et al., 2006)]. As a result, both Schottky and 
Ohmic metal and CNT contacts have important applications for CNT based 
devices and would be the objectives of this dissertation.   
 
 
1.3 Carbon Nanotube based devices  
Carbon nanotube based devices have been extensively researched since 
the first demonstration in 1998 of the carbon nanotube field effect transistors 
(CNTFETs) (Martel et al., 1998; Tans et al., 1998). The CNTFETs use 
semiconducting s-SWCNTs as the channel and the reason is owing to the superior 
properties of s-SWCNT compared with the conventional semiconductor — Si. 
Moreover, many of the problems that silicon technology is or will be facing are 
not present in CNTs. The main advantages of s-SWCNT over Si as the FET 
channel are summarized as follows:   
[1] Ultra small scale (1~2 nm diameters). The strong 1D electron confinement 
and full depletion in the nanoscale diameter of the SWCNTs (1-2 nm) lead 
to a suppression of short-channel effects in CNT transistor devices (Slava 
V. Rotkin, 2005). 




[2] No dangling bond states at the surface of CNTs. Therefore there is almost 
no surface roughness scattering at SWCNT/high-k insulator surface. This 
means in CNTFET, both high mobility and ultra-thin body channel of 
dimension of several nanometers can be achieved simultaneously, which 
has not been demonstrated in conventional semiconductor devices (Javey 
et al., 2004a).  
[3] High mobility of CNT (Durkop et al., 2003). This means much higher 
speed electronic devices can be achieved. 
[4] Long-range ballistic transport of electrons in CNT. Ballistic electron 
transport means that SWCNT based transistors will exhibit higher ON 
currents and therefore lower power consumption.   
 
In this dissertation, the focus is on two important types of CNT based 
devices, CNTFET and diodes, which form the bases of other CNT electronics, 
and they will be briefly reviewed in the following sections.  
 
 
1.3.1 Carbon nanotube field effect transistors (CNTFET) 
1.3.1.1 p-type Carbon nanotube field effect transistors  
The first devices (Martel et al., 1998; Tans et al., 1998) as well as most of 
the SWCNT-FETs realized so far are fabricated in a back-gate configuration, as it 




is easier to fabricate. However, it has the disadvantage of not being able to control 
individual transistors because the substrate is shared by all transistors. This 
configuration is probably not a realistic candidate for commercialization but it is 
good for research. In such devices, a single s-SWCNT is contacted by metal 
electrodes, with the standard substrate being heavily doped silicon covered by a 
thermally grown silicon oxide (SiO2) of thickness in the range of 100 nm to 1 μm 
that serves as the gate insulator (see Figure 1.2).  
 
 
Figure 1.2: Schematic of a back-gated SWCNT FET 
 
 
Unlike conventional MOSFETs, the SWCNT FET functions like a 
Schottky barrier FET (SBFET) (Heinze et al., 2002; Leonard and Tersoff, 2000; 
Martel et al., 2001), owing to the Schottky barriers existing at the CNT/metal 
contacts, in which switching occurs primarily by modulation of the contact 




resistance rather than the channel conductance. Carrier injection thus takes place 
through thermionic emission and tunneling across the Schottky barriers, whose 
width depends on the applied gate voltage. CNTFETs normally exhibit p-type 
characteristic and this is attributed to the oxygen absorption on the sidewall of 
CNT (Donghun and et al., 2005; Sumanasekera et al., 2000) and/or the Schottky 
barrier at the CNT and metal contact (Tans et al., 1998; Heinze et al., 2002). As 
depicted in Figure 1.3, a variation in the gate potential shifts the CNT energy band 
and changes the width of the Schottky barrier at the CNT/source interface. For p-
type FET, when a negative gate is applied, the valence band is pulled above the 
Fermi level of the source. This means that the Schottky barrier becomes narrower, 
and electrons can then easily tunnel from the valence band to the source. However, 
when no bias is applied to the gate, the Fermi level of the source is higher than the 
energy level of the holes in the valence band of the CNT. Therefore, very few 
holes can move from the CNT to the source, even though an electric field exists 










Figure 1.3: Band structure diagram of a p-type SB-CNTFET. (a) With no bias on 
the gate, a large Schottky barrier exists between the valence band of the CNT and 
the Fermi level (Ef) of the source contact. A positive bias on the source lowers the 
Fermi level of the source and raises the level of the drain. (b) A negative bias on 
the gate raises the conduction and valence band of the CNT. The shift in bands 
leads to a narrower Schottky barrier at the source/CNT interface and allows holes 
to be transported from the source to the valence band of the CNT. 
 
 
1.3.1.2 Ambipolar Carbon nanotube field effect transistors  
For SB-CNTFET, when both the Schottky barriers at the two contacts 
become very thin, they pose almost no barrier for transport. Therefore, a large 
leakage current flows in the OFF state. In devices with a p-type characteristic, for 
example, this leakage current is carried by electrons that are injected at the drain 
when the drain voltage exceeds the gate voltage. Such a phenomenon can be 
observed in three situations: 1) with ultra-thin gate insulator (Heinze et al., 2003), 




2) when the Fermi level of metal lines up close to the mid-gap of CNT (Nosho et 
al., 2006), 3) large-diameter CNTs owing to a small bandgap (Javey et al., 2002). 
Such a phenomenon is known as ambipolar transport. For complementary circuit 
applications, ambipolar transport is undesirable. This is because high-performance 
FETs require low OFF current.  
 
 
1.3.1.3 n-type Carbon nanotube field effect transistors  
For the development of CNT based CMOS circuits, high performance n-
type FETs are as important as p-type FETs. It has been discussed in the previous 
section that, unless subjected to further treatment, e.g., electron doping (Izumida 
et al., 2006; Javey et al., 2005; Shim et al., 2001), SWCNT-FETs in general show 
p-type characteristics which have been attributed to the Schottky barrier at the 
CNT and metal contact (Tans et al., 1998) and/or the adsorption of oxygen 
molecules on the surface of SWCNTs, which causes hole doping of the carbon 
nanotube (Donghun et al., 2005). In fact, there is still dispute as to which is the 
exact cause of the p-type characteristic of CNTFETs and researchers are still 
looking for ways to solve this problem.  
In essence, doping of CNTFET to convert it to n-type characteristic is still 
a challenge for CNT application. There are mainly two types of dopants that 
would result in n-type CNTFET operating in air ambient. First type of electron 




dopants are alkali metals (Kong et al., 2000) and the second type of dopants are 
polymers (e.g. PEI) (Shim et al., 2001). However, alkali dopants suffer from 
immediate degradation upon exposure to air which means this is not a stable 
process and defects would be introduced in the doping process which results in 
the decrease of the conductance of CNTs. Even though air stable and good 
performance n-type CNTFET can be achieved by PEI doping (Shim et al., 2001), 
the life-time of such n-type FETs is very limited when the devices are stored 
under ambient, which is a consequence of the low air stability of PEI 
(Balasubramanian et al., 2008). These results indicate that in order to achieve high 
performance n-type CNTFET, the doping technology has to be optimized. On the 
other hand, alternative technologies could be the way to solve the problem of n-
type CNTFET. 
In addition to doping, air-stable n-type CNTFET can be fabricated by 
depositing passivation films such as Si3N4 (Kaminishi et al., 2005) on the devices. 
This is because adsorbed oxygen on the CNT sidewalls is removed during the 
deposition process of the Si3N4 passivation films. However, the small energy 
bandgap of Si3N4 (~5 eV) results in large OFF currents and therefore makes it not 
a good insulator candidate for high performance n-CNTFETs. This method hints 
at the possibility using non-oxide insulator for n-CNTFET if an insulator material 
with large bandgap is used. However, to the best of our knowledge it has not been 
reported yet. 




Based on the discussion in Section 1.2.2, the approach that entails contact 
engineering to achieve a very small Schottky barrier for electron transport at 
SWCNT and metal contacts seems a more reasonable and promising technology 
to fabricate high performance n-type CNTFET. Recently, it has been reported that 
Scandium (Sc ~3.5eV) (Jiao et al., 2008), Yttrium (Ding et al., 2009) and 
Gadolinium (Gd ~3.1eV) (Kim et al., 2008) contacted SWCNT-FETs can exhibit 
a long-term air stable high performance n-type behavior by forming near Ohmic 
contacts with SWCNTs, yielding high ON current, high ON/OFF current ratio and 
large transconductance that are comparable to those of p-CNTFETs.  
In conclusion, great efforts have been taken to achieve high performance 
n-type CNTFET for complementary circuit application. Even though contact 
engineering seems a feasible way for device fabrication, there is still a need to 
optimize the performance of such devices. The n-type CNT and metal contacts 
would be useful to a lot of CNT based devices, e.g., diodes, thin film transistors 
which would also be discussed in this dissertation.  
 
 
1.3.1.4 The challenges of CNTFET 
CNTFETs offer intrinsic advantages for high-performance logic device 
applications. To date, high performances of CNTFETs have been achieved: ON 
resistance as low as 22 Ω/m (Javey et al., 2004a), ON/OFF current ratio 






(Yu-Ming et al., 2005b), transconductance ~ 17650 S/m (Javey 
et al., 2004a) and subthreshold slope < 60 mV/dec (Appenzeller et al., 2004).  
Even though with such promising results obtained in exploratory devices, 
the challenges that must be met in order to fabricate practical high performance 
devices and circuits have to be considered. The challenges and outlook of 




















Table 1.1 CNFET Technology Challenges and Outlook 
Challenge Need for Possible solutions Status 








 Direct alignment 




(Patil et al., 2008a; 
Patil et al., 2008b) 





% metallic CNTs (m-
CNTs) grown or 
deposited on substrate 




 1% m-metallic CNTs 
synthesis (Nougaret 
et al., 2009) 
 Solution Based CNT 
Sorting: 1% Metallic 
CNTs (Engel et al., 
2008) 
 Electrical breakdown 
(not VLSI 
compatible) (Collins 
et al., 2001) 
 Selective chemical 
etching of metallic 
CNTs (An et al., 
2004) 
 





compatible   







 n-type doping (PEI) 
(Shim et al., 2001) 
 p-type doping 
(Triethyloxonium 
hexachloroantimonat
e)  (Jia et al., 2005) 










p-type: Pd, Rh (Kim et 
al., 2005) 
n-type: Sc (Zhang et 
al., 2007), Y (Ding et 
al., 2009)], Gd (Peng 
Cheng et al., 2008) 
the contacts to 
small diameter 







CNT circuit on flexible 
substrate (Qing et al., 
2008) 










1.3.2 Carbon nanotube diodes 
Diode is another fundamental semiconductor device used widely in 
rectification, switching, high frequency multiplier and photonic devices. Nano-
scale diodes based on CNT have been developed by forming either a p–n (Lee et 
al., 2004; Abdula and Shim, 2008)
 
or metal–semiconductor Schottky (Manohara 
et al., 2005; Kim et al., 2006; Lim et al., 2008; Lu et al., 2006; Yang et al., 2005) 
junction. However, as indicated in Table 1.1, the stable doping of CNT is still 
facing challenges. Therefore, the CNT p-n diodes are still far away from practical 
applications. Compared with p-n diodes, CNT Schottky diode developed by 
contact engineering seems to be a more promising strategy. In addition, rectifying 
metal-semiconductor Schottky junctions have advantages in their higher 
switching speeds, lower forward resistance, lower noise level than p-n junctions 
and inherent suitability for low-voltage, high-current applications (Sze, 1981). 
Therefore in this dissertation, the study will focus on CNT Schottky diodes, but 
not CNT p-n diodes.  
The core idea of the CNT Schottky diodes is to form asymmetrical 
Schottky contacts at the two ends of the CNT. To date, several schemes have been 
employed to achieve this: 1) depositing dissimilar metals with significantly 
different work function (Lim et al., 2008; Lu et al., 2006; Yang et al., 2005); 2) 
asymmetrically modulating the Schottky barrier by modifying the contact 
structure, e.g., an AFM tip is utilized to create an asymmetric Schottky barrier at 




the two contacts of the SWCNTs by selectively modifying the tube-metal 
interaction or the contact length (Jiao et al., 2008); or 3) asymmetrically 
modulating the Schottky barrier by adjusting the work function of the metal 
electrodes, and this method is based on the principle that the work function of 
contact metal can be modulated by the attachments on its surface of external 
molecules, e.g., thiolate molecules  (Kim et al., 2006). 
The different schemes have their own specific advantages and drawbacks. 
To date, the best CNT Schottky diodes are achieved using the first method. This is 
because both stable and high performance Ohmic and Schottky barriers can 
possibly be achieved by using suitable metal electrodes. However, it should be 
noted in such a device structure, the metal electrodes are normally deposited on 
top of the carbon nanotube. This is because the low work function metal which is 
commonly used to form large Schottky barrier contact, e.g., Ti or Al, is easily 
oxidized with oxides typically formed at the top surface. Therefore, if the CNT is 
deposited on top of the metal electrodes, the device cannot work properly. 
However, the contact structure with CNT deposited on top of the metal electrodes 
is widely used owing to its ease of processing. Therefore, the CNT diodes with 
the structure of two different metal electrodes cannot be fabricated by using the 
AC dielectrophoresis method which leads to the deposition of CNTs on top of 
metal electrodes. 




High performance devices can also be achieved by using the second 
method. However, the fatal drawback of this method is the poor repeatability of 
the process. In addition, the process is both difficult and time consuming which 
makes it not feasible to apply on a large scale. Therefore, this technology has very 
limited development space in the future.  
The third method is based on the principle that the work function of metal 
can be modulated by the adsorption of external molecules. Therefore, there are a 
lot of choices for this technique by the different combination of metal electrodes 
and the modification media. To date, both Lithium ions (Choi and Lim, 2008; Lim 
et al., 2008) and thiolate molecules  (Kim et al., 2006) can act as the media to 
fabricate such diodes. However, the study of this type of diodes is still 
preliminary and especially the performance of the device needs optimization.    
In conclusion, the exploration of CNT diodes is important to CNT based 
electronics, and in our work, we will explore the fabrication of Schottky CNT 
diodes by means of contact engineering, in line with the main focus of this 
dissertation.  
 
1.4 Motivation and Synopsis of Thesis 
Based on the discussion in Section 1.2, it is seen that metals are important 
peripheral materials in the CNT technology. Therefore, it is desirable to study the 




interaction of CNTs with as many different metals as possible in a systematic way. 
Establishing reliable electrical metal contacts on CNTs is a goal that is desired to 
be achieved. Metal carbide has shown promising results in CNTFET even though 
in limited studies. The key challenge of this application might be a thorough 
understanding of the interaction of transition metals (single atoms as well as 
clusters or crystals) with CNT and identification of the optimal metal carbide 
which will yield good electrical performance of CNTFET. Therefore in this 
dissertation, the carbide contact in CNTFET devices will be studied. 
In additional to FET devices based on individual SWCNT (i-CNTFET), it 
is also important to investigate the other possible applications of CNT for 
electronic devices. In this dissertation, we would conduct such investigation in 
two ways. Firstly, it is still based on the FET devices, but replacing the channel 
material with random network of SWCNTs (rn-SWCNT) — thin film transistors 
(TFTs). In this dissertation the n-type rn-SWCNT FET would be the main focus 
as the research on such devices is still preliminary. Secondly, we also focus on 
two terminal devices — diodes. Our studies of CNT and metal contacts can be 
applied for the optimization of Schottky type CNT diodes.  
The above research motivation concerns both the contact properties of 
SWCNT/metal contacts and the device applications based on SWCNT. In this 
dissertation, we are also interested in the bulk properties of CNT. As the study of 
SWCNT has been extensively documented, in this dissertation, we would focus 




on another important form of CNT — double wall CNT (DWCNT). Compared 
with SWCNT, the study of DWCNT is significantly lagging behind and it is 
considered a best form of CNT to study the inter-tube interaction in CNTs, which 
will be important to understanding the properties of more complicated CNT, the 
multi wall CNT (CNT). More importantly, we would like to investigate the 
possibility of using DWCNT as a functional element to fabricate electronic 
devices, e.g., FET, and evaluate their performance. 
In the following sections, we will discuss the motivation of this 
dissertation in more detail. 
 
1.4.1 Ohmic metal carbide and SWCNT contacts  
As summarized in Table 1.1, one essential challenge to overcome is to 
form stable Ohmic contacts for small diameter carbon nanotubes. Based on the 
discussion in Section 1.2, application of metal carbide as contacts appears to be a 
promising route to solve this problem. This is because this scheme is not limited 
by the nanotube diameter as it converts the contact structure from weak bonded 
side-contact to end-contact with much better coupling.  
In this dissertation, we will focus on niobium (Nb) carbide – Nb2C which 
is formed at the Nb electrode and CNT interface during the thermal annealing 
process. There are 11 transition metals which can form carbides when reacted 




with carbon, e.g., Ti, V, Cr, Mn, Fe, Zr, Nb, Mo, Hf, and W (Leroy et al., 2006). 
Among these metals, Cr, V, Mn and Zr are very sensitive to oxygen and therefore 
oxides rather than carbides would be formed in the thermal annealing process. 
Therefore, they are not promising candidates as metal electrodes in our work. Fe 
is also ruled out as its carbide Fe3C tends to segregate a graphite layer in the 
formation process, which may interfere with device operation. In the remaining 
six transition metals, Nb‘s carbide, Nb2C, is known to have the highest work 
function (~5.25eV) and therefore Nb is chosen in our work. This is because high 
work function electrode is preferred to form highly unipolar p-type characteristic 
in CNTFETs.  
To our knowledge, Nb2C has never been applied to CNTFETs. In addition, 
it is necessary to clarify the interaction between the Nb and CNT in the formation 
process of Nb carbide. This is because the interface between Nb and CNT is 
sensitive to the annealing temperature which means the electrical properties of the 
Nb and CNT contact is varying in the carbide formation process. Therefore, it is 
critically important to relate the electrical properties of carbide contacts with the 
interaction at the interface.    
 
1.4.2 Random network carbon nanotube transistor 
As discussed in the previous section, CNT alignment and positioning, and 
high percentage of semiconducting SWCNTs are important to the yield of 




individual SWCNT FETs (i-SWCNT FETs). Although much research efforts have 
been devoted to solving these challenges and have achieved substantial 
developments, it is still far away from the desired situation. To date, the highest 
concentration of semiconducting SWCNTs during synthesis has been achieved up 
to 99% (Nougaret et al., 2009). This means the failure yield of i-SWCNT FET is 
about 1% in principle, which is not acceptable for the future application in 
industry. If the positioning and alignment yield of individual semiconducting 
SWCNT onto the metal electrodes, e.g., by using AC dielectrophoresis 
technology, is also included, the failure yield of i-SWCNT FETs would be worse. 
This is because the metallic SWCNTs are more likely to be attracted to the metal 
electrodes in the AC dielectrophoresis process than semiconducting SWCNTs.  
Therefore another type of transistor based on CNT, the random network 
(rn) SWCNT FET, as shown in Figure 1.4., has been developed and attracted 
more interest recently. This is because the fabrication process of rn-SWCNT FET 
is relatively simpler, as the rn-SWCNT is normally deposited simply by using 
spin coating method. Moreover, the alignment issue of SWCNTs in the random 
network is not critical in this type of devices. In the spin coating process, the 
semiconducting and metallic SWCNTs are deposited on the substrate with no 
preference. This means if the concentration of semiconducting SWCNTs in the 
solution is up to 99%, the ratio of semiconducting to metallic SWCNTs in the 
channel of rn-SWCNT FET should be very close to 99:1. Therefore, the 




possibility of the existence of a transport route in the channel composed entirely 
of metallic SWCNTs is very low, e.g., <<1%. It is well known that only the 
transport route which is totally metallic will deteriorate the performance of rn-
SWCNT FETs. This means the yield of rn-SWCNT can be much higher than i-
SWCNT FET. In other words, rn-SWCNT FETs are more tolerant of metallic 
SWCNT than i-SWCNT FET.  
To date, good performance of p-type rn-SWCNT FET has been achieved, 
e.g., ON/OFF ratios around 10
5 
(Izard et al., 2008), field effect mobilities on the 
order of 10~150 cm
2
/Vs (Snow et al., 2005), subthreshold slopes as low as 140 
mV/dec and operating voltages less than 5 V together with deterministic control 
over the threshold voltages (Qing et al., 2008). Taken together, these results 
suggest that rn-SWCNT is an attractive material for thin film transistors.  
 
 
Figure 1.4: Schematic of a rn-SWCNT FET. 
 




However to date, the study of p-type rn-SWCNT FETs has significantly 
preceded the n-type devices. Therefore in this work, we would focus on n-type rn-
SWCNT FETs and try to explore both the working mechanism of n-type rn-
SWCNT FETs and the way to optimize the performance of such devices. Such 
study would also be based on the core issue of this dissertation — the CNT and 
metal contacts. This is because the switching mechanism in rn-SWCNT FETs is 
owing to modulation of the Schottky barriers between semiconducting tubes and 
metallic tubes (Kodama et al., 2007; Stadermann et al., 2004) or metal contacts 
(Merchant and Markovic, 2009).  
 
 
1.4.3 Schottky carbon nanotube diodes by contact engineering 
The method of using surface modification to engineer the Schottky barrier 
at the CNT/metal contact is still in the developing stage and is suitable for devices 
with contacts where carbon nanotubes are deposited on top of metal electrodes. 
Therefore in this work, one of the motivations is to fabricate Schottky CNT 
diodes by using selected thiolate molecules and to optimize its performance.  
Thiolate molecules are known to form self-assembled monolayers (SAMs) 
on the surface of noble metals (e.g., Au, Ag and Pt), which can modulate the 
surface work function via dipole formation on its surfaces (Rusu and Brocks, 
2006).
 
Different thiolate molecules would lead to different modulation effect of 




the work function of metal electrodes. In this work, two different thiolate 
molecules, methanethiol (CH3SH) and trifluoroethanethiol (CF3CH2SH), are 
chosen to asymmetrically modulate the two Au/SWCNT contacts to achieve a 
Schottky diode structure. Based on theoretical studies (Rusu and Brocks, 2006), 
CH3SH and CF3CH2SH will modulate the Schottky barrier between CNT/Au 
contact highly asymmetrically  and may lead to high performance CNT Schottky 
diodes being fabricated. 
 
 
1.4.4 Double-Wall carbon nanotube field effect transistors  
To date, SWCNT has been extensively explored both theoretically and 
experimentally, double-wall carbon nanotube (DWCNT), consisting of two 
cylinders of graphene, has also garnered some attention for multiple applications 
recently (Li et al., 2007; Liang and Wang, 2004; Shidong and Grifoni, 2007). This 
is because its unique structure provides it with characteristics between those of 
SWCNT and multi-wall carbon nanotube (MWCNT). Therefore, DWCNT can 
probably reap both the advantages of SWCNT and MWCNT.  
In the study of s-m DWCNT FETs, where s and m represents the outer 
semiconducting tube and inner metallic tube of the DWCNT, respectively (Lu et 
al., 2007; Shidong and Grifoni, 2005; Wang et al., 2005), it has been found that 
the inter-tube interaction in the s-m DWCNTs is important to the transport 
characteristic of s-m DWCNT FETs. In these studies, when only the outer 




semiconducting tube of the DWCNT is contacted with the metal electrodes, its 
FET characteristic is seriously weakened with the on/off current ratio reduced to 
about 10 while for semiconducting SWCNT, the on/off current ratio is normally 
higher than 10
3
. This phenomenon has been attributed to inter-tube charge transfer 
(Wang et al., 2005) or the proximity effect of the metallic phase of inner tube 
which results in local density of states in the bandgap of the outer semiconducting 
tube (Lu et al., 2007). Even though it is still not clear which theory better explains 
the transport mechanism of s-m DWCNT FET, it is confirmed that the abnormal 
FET characteristic of s-m DWCNT results from the inter-tube interactions. 
Therefore, it is logical to consider if such similar or different kind of inter-tube 
interaction exists in the s-s DWCNT and how the inter-tube interaction will 
influence the transport characteristic of s-s DWCNT FET.  It is believed that this 
is an important challenge for DWCNT application and in fact has attracted more 
and more attention (Jing et al., 2005; Okada and Oshiyama, 2003). This is 
because from a technology point of view, s-s DWCNT FET is more suitable for 
FET application than s-m DWCNT whose on/off current ratio is too low. On the 
other hand, it has been experimentally demonstrated that the on/off current ratio 
of s-s DWCNT FET is close to that of SWCNT FET (Liu et al., 2009; Wang et al., 
2005).  
To the best of our knowledge, to date, almost all the studies on the inter-
tube interaction in s-s DWCNT are based on theoretical calculations (Jing et al., 




2005; Okada and Oshiyama, 2003) and no experimental work has been reported. 
Based on the theoretical work, it has been inferred that the inter-tube interaction 
in s-s DWCNT will give rise to the change of its electronic structure, e.g., the π-σ 
rehybridization of the inner tube will cause the metallization of the s-s DWCNT 
with the bandgap vanishing in the outer semiconducting tube when the inner tube 
is very thin. However, it is not clear what the effect of inter-tube interaction is in 
the s-s DWCNT with large inner tube (the large diameter s-s DWCNT) and what 
will be the corresponding behavior of its FET characteristic. In order to answer 
these questions, we would mainly focus on FETs based on s-s DWCNT rather 
than other types of DWCNTs in our dissertation, and we would experimentally 
investigate the electrical characteristics of FETs based on s-s DWCNT with 
different diameters and compare them with SWCNT FETs with same diameter.  
 
1.5 Outline of Thesis 
In conclusion, the study of metal and CNT contacts is the core and main 
line of this dissertation.  In the results and discussion part of this dissertation 
(chapter 3, 4 and chapter 6) even though different CNT based devices are studied, 
all the aims of these chapters are to investigate different metal and CNT contacts 
and their applications. And in chapter 5, we focus on the properties of DWCNT. 
This is because with the studies of CNT deeper and deeper, it has been realized 




DWCNT is another important member in CNT family except SWCNT which has 
significant potential in applications. Moreover we believe the investigation of 
bulk CNT is as important as the study of metal and CNT contact to optimize the 
performance of CNT based devices.   
Chapter 1 has briefly reviewed the electronic structure and electrical transport 
properties of CNTs and the CNT based devices, e.g., field effect transistors and 
diodes with particular emphasis on the CNT and metal contacts. In addition, the 
motivation of this dissertation has been presented. 
Chapter 2 describes the experimental procedures for the fabrication and 
characterization of carbon nanotube based devices. 
Chapter 3 investigates the formation and characterization of niobium carbides in 
carbon nanotube field effect transistors. 
Chapter 4 discusses the working mechanism of n-type random network single 
wall carbon nanotube field effect transistors with yttrium contacts. 
Chapter 5 studies the double wall carbon nanotube (DWCNT) field effect 
transistor and the inter-tube interaction in semiconducting DWCNT. 
Chapter 6 describes the fabrication process of carbon nanotube Schottky diodes 
by using thiolate molecules and investigates their electrical characteristics.  
Chapter 7 concludes the thesis and discusses the future work of this dissertation. 
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Chapter 2  
Experimental procedure for the fabrication and characterization 
of carbon nanotube based devices 
 
In the fabrication of carbon nanotube (CNT) based devices a number of 
steps are involved. Firstly, there is the need to prepare the CNT solution from the 
source bought from commercial suppliers. This entails the dispersion of CNTs in 
a solution, followed by the purification of the CNT solution to remove the 
impurities in the CNT source, such as metal catalyst particles, amorphous and 
fullerene-like (non-tube) carbon structures. The preparation of the CNT solution 
will first be described, following which, the fabrication procedure of individual 
single wall carbon nanotube field effect transistors (SWCNT FETs) will be 
presented. 
     
2.1 Preparation of carbon nanotube solution for device fabrication 
2.1.1 Dispersion of carbon nanotubes  
All the carbon nanotube samples (single-wall and double-wall CNTs) for 
device fabrication in our experiments were bought from commercial suppliers. 
Some of the basic while important parameters of these materials are summarized 
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in Table 2.1, where all the data presented are extracted from the data sheet of the 
products. 
In our work, the first step in the fabrication of CNT devices is to disperse 
CNTs in a solution, which makes it possible for us to manipulate the location of 
tubes on the substrate. This is necessary because almost all CNTs are tangled in 
bundles during their synthesis, owing to the strong Van der Waals force between 
CNT sidewalls. In addition, there is a mixture of semiconducting and metallic 
tubes in the synthesized CNTs and this is the reason why tubes need to be 
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Table 2.1: Suppliers and parameters of CNT (SWCNT & DWCNT) samples used 
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The mechanism of solution dispersion is as follows: surfactants would 
coat the surface of individual CNTs in the solution and therefore making CNTs 
repulsive from each other in the bundles during the dispersion process. In our 
work, we have chosen sodium dodecylbenzene sulfonate (NaDDBS) as the 
dispersion medium. This is because the CNT solutions dispersed by NaDDBS 
exhibit good stability and homogeneity, and they also yield longer CNTs in the 
solution, compared to those using other chemicals (Islam et al., 2003). Moreover, 
NaDDBS surfactants are easy to remove from the side walls of CNTs, by means 
of annealing in air at moderatly high temperature. In other words, the electronic 
properties of CNTs would not be altered by the dispersion process, which is 
important to fabricate stable electronic devices based on CNTs with high 
performance.  
As CNTs are bonded by Van der Waals force in bundle form, a strong 
force is needed to separate them to individual tubes in the dispersion process. This 
is achieved in general via ultra-sonication, where sound waves in the kilohertz 
range are used to create and destroy tiny bubbles in a liquid in a process known as 
cavitation. The collapse of the bubbles in the cavitation process is an energetic 
process, both physically and thermally, and this helps break raw CNT materials 
into smaller pieces and disperses them in the solvent.  
In our experiments, we use a homogenizer which is more efficient than 
normal sonicator to achieve the dispersion of CNTs. A homogenizer is more 
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efficient than an ultrasonic bath, as it has a vibrating probe that is immersed into 
the mixture, hence allowing the sonication power to be transferred directly to the 
mixture. Moreover, this probe not only provides the ultrasonic sound waves to 
loosen CNTs, but also creates pressure waves to mix the CNT dispersive agent 
mixture. In our experiments, it was found that by using a homogenizer, a short 
duration of a few minutes was enough to disperse the CNTs homogeneously and 
the prepared NaDDBS dispersed CNT solution is stable long-term,  as shown in 




Figure 2.1: Dispersed CNT solution by NaDDBS (~ 0.1 M), after homogenization 
for 20 minutes (left), and after 2 weeks on storage (right).  
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2.1.2 Purification of carbon nanotube solutions 
As-grown CNT materials generally contain metal catalyst particles, 
amorphous and fullerene-like carbon structures, other than CNTs. It is desirable 
and necessary to remove as much of these non-tube impurities in the solution as 
possible before the device fabrication, as these impurities could affect or even 
destroy the intrinsic electrical properties of the devices fabricated from the CNT 
solutions. 
For CNT solutions, the most commonly used means to separate the 
suspended impurities from the CNTs in the solutions is to use high speed 
centrifugation (Yu et al., 2006). In the centrifuge process, most of the impurities 
would be left in the sediment while the CNTs would be left in the supernatant, as 
shown in Figure 2.2a. The centrifuge works by spinning the mixtures stored in 
centrifuge tubes at high speed, creating a g-force within the centrifuge tubes and 
separates the mixture according to their density. The impurities, which are always 
heavier, will stick to the bottom of the centrifuge tube, while the supernatant 
closer to the top contains the light weight CNTs. It should be noted that large 
bundles of CNTs that are heavier and bigger in size are also precipitated to the 
bottom of the centrifuge tube in the centrifugation process.  
As shown in Figure 2.2b, after the impurities are separated from the CNT 
solution, the color of solution becomes lighter, near transparent, with the 
undesirable impurities aggregate and precipitate at the bottom of the centrifuge 
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tube. The supernatant is then carefully collected by a pipette and diluted for 




Figure 2.2: (a) Schematic diagram of the centrifugation process for removal of impurities 
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2.2 Fabrication procedure of individual single wall carbon nanotube field 
effect transistor  
2.2.1 Alignment of carbon nanotubes 
2.2.1.1 Floating potential AC dielectrophoresis  
As discussed in Chapter 1 (Table 1.1), the alignment of CNTs remains a 
challenge in the fabrication of CNT based devices, owing to the ultra small scale 
of CNTs. As a consequence, the yield of functional devices in the fabrication of 
CNT devices is still low.  
It has been reported that CNTs can be aligned by utilizing electrical 
(Chung et al., 2004), magnetic (Hone et al., 2000), mechanical forces (Lay et al., 
2004) and self-assembly (Rao et al., 2003). In our work, we mainly used AC 
electrical field — the AC dielectrophoresis method, to manipulate the position 
and alignment of CNTs in the device fabrication process. This is because AC 
dielectrophoresis operation is simple and provides good accuracy of control and 
relatively high yield of device fabrication, compared to other techniques 
(Banerjee et al., 2006; Taeger et al., 2006; Seo et al., 2005; Stokes and Khondaker, 
2008; Stokes et al., 2009). In our experiments, we used a modified AC 
dielectrophoresis process to fabricate our CNT devices - the floating-potential AC 
dielectrophoresis technology (Dong et al., 2005), as shown in Figure 2.3. By 
using this improved method, the individual CNT can be aligned between two 
opposite metal electrodes and the yield is larger compared with the normal AC 
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dielectrophoresis method. The mechanism of this process will be discussed in 
detail in following paragraphs. 
 
Figure 2.3: Schematic of AC dielectrophoresis setups: normal AC 
dielectrophoresis (top figure) and floating potential AC dielectrophoresis (bottom 




For normal AC dielectrophoresis method, it is well-understood that when 
uncharged dielectric or conductive matter is placed in an electric field, the electric 
field will induce the formation of a dipole moment inside the matter. If the field is 
uniform (DC electrical field), the net Coulombic force on the dipole is zero. 
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Otherwise, in a non-uniform (AC) electric field, the net Coulombic force is not 
zero. This can be depicted by equation (2.1), where F is the net force, E is the 















  (2.1) 
Therefore, a polarizable CNT could be moved around in a non-uniform electric 
field.  
The degree of alignment of CNTs in the electric field depends on the 
frequency of the AC electric field. It has been demonstrated that the degree of 
alignment of CNTs is reduced gradually with the decrease of the frequency of the 
electric field (Chen et al., 2001). Therefore, there is no obvious alignment in the 
samples in DC electric field. This is because when a DC bias is applied between 
two opposite metal electrodes, the CNTs would move towards the cathode or 
anode under the influence of the electric field as the concentration of the electric 
field is at the edges of the electrodes. Therefore the CNTs tend to aggregate rather 
than align in the DC electrical field. Moreover for CNTs aligned by an electric 
field with a low frequency, they are always in the form of tangled CNTs. On the 
other hand, electric field with a high frequency will usually straighten the CNTs.  
Therefore, by using the normal AC dielectrophoresis method, both the 
direction and position of CNTs can be controlled by pre-defining metal electrodes 
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on the substrates and the applied AC electric field. However, one of the most 
serious drawbacks of this technology is the bad reproducibility of the fabrication 
of devices, e.g., the number and the property of tubes (metallic or semiconducting) 
cannot be precisely controlled. Therefore, the yield of devices with individual 
semiconducting CNTs bridging across electrodes is still low. This is because 
metallic CNTs are more likely than semiconducting CNTs to be attracted by the 
electric field between the opposite metal electrodes (Krupke et al., 2003). The net 
force induced by AC electrical field on CNT bundles and impurities in the 
purified solution would be much larger than that on individual CNTs. This is 
because for a particle with homogeneous and dielectric sphere, the 
dielectrophoresis force is given by the equation (2. 2). And therefore the CNT 
bundles and impurities are more likely to be attracted to the channel region than 





      (2. 2) 
where V is the volume of the particle, εm is the real part of the medium solution 
dielectric constant, Erms is the root-mean-square value of the electric field, and K 
is the Clausius Mosotti factor, which depends on the particle dielectric constant εP 






















     (2. 3) 
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Therefore, in the case of CNT alignment, the potential magnitude depends on (1) 
the volume of carbon nanotube, (2) the conductivity of the nanotube suspension, 
(3) the type of deposited nanotubes (semiconducting or metallic): the dipole 
induced by metallic CNT is much larger than that of semiconducting CNTs 
(Krupke et al., 2003), and (4) the magnitude of applied electric field. 
The normal AC dielectrophoresis process has been optimized to a floating-
potential AC dielectrophoresis (FPD) (Dong et al., 2005) to improve the yield of 
devices based on individual semiconducting CNTs. As reported, the yield of 
CNTFETs based on individual SWCNT can be up to 26% by using FPD 
technology. It is believed that if the purity of semiconducting tubes can be 
increased with the optimization of the synthesis technology in the future, this 
yield can be further improved.  
The schematic layout of the FPD process is illustrated in Figure 2.4a. The 
structure has two different function regions, the controlled region (I) and floating 
region (II). The AC voltage is directly applied in region I and one electrode of 
region II is floating. Therefore, compared with region I, the electrical field of 
region II is much weaker. In essence, the improvement by using floating potential 
setup results from the modulation of distribution of electric field between the 
metal electrodes. Therefore, when a droplet of CNT suspension is dropped to the 
substrate consisting of the controlled region and the floating region, CNT bundles, 
having a larger volume than individual nanotubes, experience a stronger 
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dielectrophoretic force and are therefore deposited across the control electrodes 
(region I), where the larger electrical field gradient exists. In the meantime, 
impurities larger than individual CNTs are also deposited at region I. This is 
because the low conductivity of the CNT suspension causes the electrical 
potentials at floating regions to be much smaller than the potential at the 
controlled region. After a majority of the CNT bundles and impurities are 
attracted to regions I, there is a high probability for individual CNTs to be 
deposited at floating regions (II). 
 
Figure 2.4: (a) The schematic layout of floating-potential AC dielectrophoresis 
(FPD) - region I is the controlled region and region II is the floating region. The 
arrows in the figure indicate the distribution of electric field in these regions. (b) 
Schematic layout of wafer scale floating- potential AC dielectrophoresis, and the 
experiment setup (top view): one probe is put on the biased electrode (BE) and 
another probe on the substrate of the probe station (GE). 
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The results of floating potential dielectrophoresis are shown in Figure. 2.5 
(the SEM pictures of region I and II). It is identified that only one SWCNT is 
aligned across the electrodes in region II and no impurity is found in this region 
while in region I, tangled CNTs and impurities, e.g., amorphous carbon, are 
deposited. The processing conditions are as follows: amplitude of AC voltage is 
12 V, frequency is 2 MHz, and the process duration is about 2 mins.  
 
 
Figure 2.5: SEM pictures showing the results of floating potential 
dielectrophoresis: (a) the controlled region (I), where both SWCNT bundles and 
amorphous carbons are attracted to the electrodes, and (b) the floating region (II), 
where only one individual SWCNT is aligned across the electrodes. 
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The yield of devices with individual CNTs in our experiment is about 30%. 
Therefore, by using floating potential dielectrophoresis, we have found a reliable 
way to fabricate CNT based devices, e.g., FETs and diodes for statistical and 
systematical study. However, there is still one serious problem with this 
technology, the long processing time if a large number of devices are required.  
 
 
2.2.1.2 Large scale AC dielectrophoresis  
With the development of our work, it is found that although FPD is a 
useful means to align individual CNTs onto metal electrodes, it is not a practical 
technology for large scale fabrication. However in this work, the systematical 
study of CNT based devices is based on a large number of devices with statistical 
characteristics. Therefore, an AC dielectrophoresis in the wafer scale is necessary 
and has been achieved in our experiments.  
The schematic layout of this dielectrophoresis setup is shown in Figure 
2.4b, based on that proposed by Vijayaraghavan et al. (Vijayaraghavan et al., 
2007). The core feature of this setup is that only one of the electrodes (biased 
electrode, BE) on top of the substrate is connected directly to the AC source. The 
other electrode of each device is set as a floating counter electrode (CE). The AC 
voltage is applied between the BE and the underlying silicon gate electrode (GE). 
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Therefore, the number of devices which can be achieved simultaneously in 
principle is dependent only on the design of the layout on the substrate. This is 
because for high electric-field frequencies (f > 100 kHz), the impedance of the 
CE/SiO2/GE structure (1/j2πfCCE-GE) reduces significantly. The CE is then 
capacitively coupled to the GE and acquires a similar potential as that of the GE. 
This allows us to bias all the distinct CEs without having to bond wires 
individually to each electrode.  
In our experiments, for devices with channel length around 1 µm, the 
optimal parameters setting for the dielectrophoresis are determined to be: 
frequency f ≈ 1 MHz, voltage amplitude Vp-p≈ 8 V, duration T ≈ 3 mins and the 
other processing parameter we need to adjust is the concentration of the CNT 
solution. The yield of devices with individual CNT is about 30~40% by using this 
technology. Although this value of yield is only slightly better than that of FPD 
discussed previously, the difficulty of device fabrication process (i.e., long 
processing time) is significantly reduced by using this means. It should be noted 
that if the control of the concentration of CNT suspension can be more accurate, 
the yield can be improved further. This means that in future work, there is still 
room for improvement of this technology. A typical working device with one 
individual semiconducting SWCNT fabricated by this large scale AC 
dielectrophoresis is shown in Figure 2.6. It is seen that the SWCNT is well 
straightened and no impurities appeared in the channel region. 
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Figure 2.6: SEM picture of device based on individual SWCNT fabricated by 
wafer scale AC dielectrophoresis. The arrow indicate the positon of the SWCNT. 
 
In conclusion, by using wafer scale AC dielectrophoresis, adequate 




2.2.2 The formation of metal and carbon nanotube contacts 
Lithography is used to define the positions of the metal electrodes to form 
the contacts with CNTs. In this work, owing to the ultra-small size of CNTs, more 
accurate lithography technologies such as electron beam lithography (EBL) and 
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laser lithography (laser writer) rather than the conventional optical lithography are 
used. The electron beam lithography is done in our experiments using JEOL 
5500FS, which has an accuracy in position control of about 40 nm. Another 
lithography technique used in our work is the laser writer (Microtech, LW 405, 
wave length of laser is 405 nm) with an accuracy in position control of about 100 
nm. In our work, as AC dielectrophoresis is the most important way to align the 
CNTs, the metal electrodes are deposited on the substrate before the CNT 
deposition.  
The metal deposition in our work is mainly by electron beam evaporation. 
Therefore, the metal electrodes of the CNT based devices can be gold (Au), 
aluminum (Al), titanium (Ti), nickel (Ni), yttrium (Y), niobium (Nb), rhodium 
(Rh), palladium (Pd), and silver (Ag). The vacuum of the electron beam 
evaporation can be as good as 10
-7
 mbar, which ensures high quality metal 
electrodes are achieved. 
The entire fabrication process of CNTFETs with individual CNTs lying on 
top of metal electrodes is illustrated in Figure 2.7. The process for other devices 
such as random network carbon nanotube FETs and Schottky diodes is similar 
and will be described in the corresponding chapter in the dissertation.  
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Figure 2.7: Fabrication process of CNTFETs with CNTs lying on top of metal 
electrodes: (a) high doping n-type silicon substrate is used as the back gate, (b)  
SiO2 is grown as the gate insulator by means of thermal oxidation, (c) resist is 
spin-coated onto the surface of substrate, (d) lithography is carried out to define 
the shape and position of the metal electrodes, (e) exposed resist is removed by 
the appropriate developer, (f) metals are deposited by electron beam evaporation, 
g) metal lift-off is performed with the help of ultra-sonicator, h) CNTs in the 
solution are deposited onto the top surface of metal electrodes, and the fabricated 
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2.2.3 Removal of metallic carbon nanotubes  
It has been discussed in chapter 1 that the synthesis of SWCNTs yields a 
mixture of semiconducting and metallic SWCNTs, and metallic SWCNTs are 
undesirable because only semiconducting SWCNTs have a significant electrical 
response to electric field gating effect. Furthermore, as observed in our 
experiments, in addition to devices with individual CNT (30~40%), there are 
some devices with several SWCNTs fabricated by our dielectrophoresis 
technology. Moreover, bundles of CNTs are also likely to appear between the 
metal electrodes. Therefore, the metallic tubes in the conducting channel need to 
be removed to increase the yield of working devices. For CNTFETs based on thin 
film of CNTs, which is also an important research object of our work, removing 
metallic tubes is extremely important to device performance, e.g., on/off current 
ratio. Therefore in our work, we need to develop a reliable technique to remove 
the metallic tubes after the fabrication of CNT devices to improve the yield of 
devices. 
As reported, electrical breakdown is a simple process to destroy metallic 
tubes to achieve CNTFETs with high on/off ratio (Amlani et al., 2008; Collins et 
al., 2001a; Gyoung-Ho et al., 2008). This process is also commonly used in our 
experiments to increase the yield of working devices. It has been found that the 
primary factor in the breakdown initiation is the current-induced defect formation 
and that self-heating plays only a secondary role (Collins et al., 2001a). Therefore, 
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the breakdown of tubes only occurs at high bias voltage, e.g., high conducting 
current. In the electrical breakdown process, the semiconducting tubes can be 
protected once they are depleted by the gate voltage which means the current only 
passes through the metallic tubes. The typical results of electrical breakdown for a 
CNTFET with a bundle of SWCNT as the channel are shown in Figure 2.8. It can 
be observed that the original CNTFET exhibits very weak gate voltage 
dependence and after a continuous bias voltage (VDS) is applied to the SWCNT 
bundle with the gate voltage set at a positive value, some of the metallic SWCNTs 
are broken. However, it is found that even though the on/off current ratio (ION/IOFF) 
of the CNTFET after this electrical breakdown process increases to 10
2
, the OFF 
current (IOFF) of this device (~50 nA) is still substantial, which is believed to be 
owing to the remaining metallic SWNCTs inside the bundle. Therefore, the 
electrical breakdown process is applied again and finally a high performance 
CNTFET with ION/IOFF ratio up to 10
5
 (IOFF ~ 1 pA) is achieved, as shown in 
Figure 2.8. It should be noted that the applied voltage VDS in the electrical 
breakdown process is dependent on the size of the SWCNT bundle or the number 
of tubes in the channel. Therefore, the applied voltage VDS for electrical 
breakdown is different for different devices. The above results indicate that by 
iterating the electrical breakdown process, all the metallic tubes can be eliminated. 
However, there are at least two disadvantages in this approach. Firstly the Joule 
heat generated by the high current passing through the metallic tubes may also 
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burn the adjacent semiconducting tubes. This means the unnecessary decrease of 
ON current (ION) of the devices is one serious drawback of this technique. 
Secondly, this method is almost impossible to be deployed in large scale to 
devices as the operation is based on an individual device. Therefore, even though 
this method is often used in our experiments, we continue to look for the more 




Figure 2.8: the IDS-VGS curves of a CNTFET with a bundle of SWCNTs as the 
channel, before and after the electrical breakdown process (VDS = 8 V and VGS = 
10 V).  
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In addition to the electrical breakdown technique, alternative techniques 
have been investigated. Recently, it has been reported that electrophilic (electron-
accepting) molecules (So et al., 2007) can selectively react with metallic 
nanotubes without gating or preconditioning and therefore, the metallic tubes 
would be etched while semiconducting tubes are preserved. The reaction 
selectivity comes from the difference between the electronic band structures of 
metallic and semiconducting SWCNTs. Metallic SWCNTs, contrary to 
semiconducting tubes, have finite electron density of states at their Fermi levels, 
meaning that there are electrons available to stabilize the change-transfer complex 
presumably formed by the electrophilic molecules at the SWCNT surface, which 
is suggested to facilitate the reaction. On the other hand, the absence of the 
electrons near the Fermi level makes semiconducting SWCNTs less likely to react 
with the electrophilic molecule reagent. In the experiments, it has been 
demonstrated that electrophilic molecules such as 2,4,6-TPPT preferentially react 
with metallic SWCNTs through noncovalent binding. The change of CNTFETs 
from non-depletable to depletable is permanent by using these molecules (So et 
al., 2007). Therefore in our experiments, we use 2,4,6-TPPT to optimize the yield 
of devices by removing the metallic tubes in the conducting channel. As shown in 
Figure 2.9, after several iterations, the CNTFET composed of both 
semiconducting and metallic tubes becomes totally depletable. This process is 
done simply by immersing the fabricated devices into the 2,4,6-triphenylpyrylium 
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tetrafluoroborate (2,4,6-TPPT) solution with stirring. This process is repeated 
several times to achieve the final improvement of the device performance. In our 
experiments, it is found the yield of conversion from non-depletable to depletable 
is about 50%. We believe this is owing to the existence of large size bundles of 
tubes which is inert to the reaction of 2,4,6-TPPT molecules. Therefore, it is 
believed that this technique can be further improved by improving the separation 
of SWCNTs in the dispersion process. More importantly, the chemical etching 
technique can partially overcome the challenges faced by electrical breakdown 
process: 1) this new technique is applied to all the devices simultaneously on the 
wafer, instead of individual devices as in electrical breakdown, 2) no thermal 
energy is generated in the chemical etching process and therefore the 
semiconducting tubes would not be ―mis-killed‖. In conclusion, our experiment 
results indicate that the chemical etching process using 2,4,6-TPPT molecules is a 
more effective way than electrical breakdown to eliminate metallic tubes, and 
plays an important role in the fabrication of CNT based devices. 
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Figure 2.9: IDS-VGS curves of a CNTFET whose channel has both metallic and 
semiconducting SWCNTs, before and after the chemical etching process using 
2,4,6-TPPT  molecules (VDS =  0.1 V).  
 
 
2.3 Characterization of carbon nanotube based devices 
2.3.1 Morphological characterization of carbon nanotube devices 
It is obvious that the electrical characteristic of CNT devices — FET and 
diode — is dependent on the morphology of CNTs in the channel of the devices, 
e.g., the length and diameter of CNT, the number of CNTs in the channel and the 
alignment direction of CNT. Moreover, for random network SWCNT FET, the 
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density of tubes is one of the most critical parameters that affects its 
characteristics. In addition, impurities attached to the CNT surface or to the CNT 
and metal contacts can influence the electrical properties of the devices. Therefore, 
before any electrical characterization, the morphological information of CNT 
devices needs to be identified. Owing to the ultra-small scale of CNTs, scanning 
electron microscopy (SEM) and atomic force microscopy (AFM) are used in our 
work.  
SEM is a powerful tool to gather almost all the morphology information of 
CNT devices, except the diameter of the CNT, which can be measured using an 
AFM. The AFM results can also help estimate whether it is an individual CNT or 
a CNT bundle, which is useful to understanding electrical characteristic of the 
devices. 
 In addition to AFM, Raman spectroscopy can also be used to measure the 
diameter of CNTs. Raman spectroscopy is a fast and non-destructive analysis 
technique without complicated sample preparation. The ―radial breathing mode‖ 
(RBM) in Raman characterization is directly dependent on the nanotube diameter 
(d) through the relation: RBM = 224/d + 14 (Rao et al., 2001), hence can be used 
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2.3.2 Electrical characterization of carbon nanotube devices 
In this work the electrical characterization is mainly achieved by means of 
a HP 4156 semiconductor analyzer and microprobe station. For FET structure (a 
three terminal device), the measurement setup is shown in Figure 2.10a. The bias 
voltage VDS is applied at the two CNT and metal contacts (source and drain) and 
the gate bias is applied at the back-side of the substrate as the silicon substrate is 
highly doped. Therefore, the electrical characteristic of the CNTFET, e.g., IDS-VDS, 
IDS-VGS, can be readily measured. From the measurements, the electrical 
properties of the devices, e.g., the ON (and OFF) current, the subthreshold slope, 
threshold voltage and transconductance can be estimated.  
For the diode structure (a two terminal device), the setup is even simpler, 
as shown in Figure 2.10b. Bias voltage is applied to the CNT and metal contacts 
to measure the I-V characteristic. 
The analysis of the electrical characteristics of the devices will be 
discussed in the corresponding chapters. 
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In conclusion, in this chapter the core steps in the fabrication of CNT 
based electronic devices including dispersion, purification of CNT solutions, 
alignment of CNTs and removal of metallic CNTs have been discussed. In our 
experiments, wafer scale fabrication of devices based on individual CNTs has 
been achieved with a yield up to 40%. It is worth noting that there is still room to 
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enhance the yield of working devices further by improving the existing 
technologies or by using new technologies. For example, the control of the 
electrical breakdown technology can be improved by combining automatic 
control using computers, which can develop this technology to wafer scale 
(Gyoung-Ho et al., 2008).  The morphological and electrical characterization 








Chapter 3  
High performance CNTFET with niobium carbide contact 
 
In this chapter, the investigation on carbide contact to CNT will be presented. 
 
3.1 Advantages of metal carbides 
As discussed in chapter 1, a Schottky barrier (SB) typically exists at the 
metal-CNT contact interface, and when appreciable can play a critical role in 
limiting the current delivery capability and hindering effective switching (Chen et 
al., 2005b; Derycke et al., 2002; Heinze et al., 2002; Martel et al., 2001). 
Therefore, for CNTFET where large output current and high speed switching are 
required, the Schottky barrier at metal-CNT contact should be reduced as much as 
possible. Palladium (Pd) has been identified to be the best metal to yield a p-type 
contact to semiconducting (s-) SWCNTs with diameter d > 1.6 nm with near-zero 
Schottky barrier height (SBH) (Kim et al., 2005). However, for smaller diameter 
(d < 1.6 nm) SWCNT, finite SBH exists between Pd and s-SWCNTs, leading to a 





Eg ) of s-SWCNT associated with decreased diameter (Wilder et al., 
1998). Therefore, Ohmic contact to small diameter s-SWCNTs (d < 1.6 nm) 




remains a challenge that requires further investigations to minimize the SBH at 
the metal-SWCNT interface.   
In earlier studies, it has been demonstrated that one type of transition 
metal carbide - titanium carbide (TiC) - can form near Ohmic contacts to small 
diameter SWCNTs with 1.2 nm  d  1.4 nm (Martel et al., 2001; Nihey et al., 
2001; Zhang et al., 1999). This means Ohmic contact to SWCNTs of small 
diameter can possibly be achieved by using transition metal carbides, which can 
be formed between carbon and metals by a thermal annealing process (Leroy et al., 
2006; Leroy et al., 2007).
 
In addition to being a good conductor, transition metal 
carbides have high melting point, high corrosive resistance, and low diffusion 
coefficient (reduced electromigration), thus making them suitable as interconnects 
in ultra-large-scale integrated circuits (Toth, 1971). However, TiC contacted 
SWCNT FETs normally show ambipolar characteristic owing to its low work 
function (3.7~3.9 eV) (Santerre et al., 1999) which makes its Fermi level aligned 
close to the middle of the bandgap of s-SWCNTs. This is a serious drawback of 
TiC contacts as ambipolar characteristic is not desired for high performance 
complementary logic circuits, where highly unipolar p- and n- FETs are required.  
The material properties of many transition metal carbides have been 
investigated (Leroy et al., 2006; Leroy et al., 2007) and among them, niobium (Nb) 
carbide appears to be a potential alternative to TiC as contact to CNTFETs. In 
contrast to TiC, niobium carbides have high work function (NbC: 4.85~4.95 eV, 




Nb2C: ~5.2 eV) (Fujii et al., 2006; Samsonov et al., 1972) and are 
thermodynamically as stable as TiC. Moreover, considering the electronic 




), which has a substantial number of unfilled d states, 
stable metal carbide would be formed between carbon and Nb interface. Therefore, 
Nb is a promising choice for developing stable and low resistance Ohmic contact 
to SWCNTs (Andriotis et al., 2000).  
 
 
3.2 The formation of niobium carbide at SWCNT and Niobium contacts 
In our CNTFET structure, the SWCNT is laid on top of the source and 
drain electrodes by AC dielectrophoresis method, hence yielding a side-contact 
structure as shown in Figure 3.1. Moreover, the adequate overlap between 
SWCNT and Nb electrodes allows for sufficient interaction between the two in 
the carbide formation process. Electron beam evaporated Nb electrodes, with a 
thickness of 40 nm, were defined by means of electron beam lithography and 
metal lift-off technique. As shown in Figure 3.1, the Nb electrodes have a 
triangular tip, and the gap between the tips of adjacent electrodes is 600~800 nm. 
Individual SWCNTs dispersed in 1wt% sodium dodecylbenzene sulfonate 
(NaDDBS) solution were aligned between the gap of Nb electrodes by means of 
AC dielectrophoresis method, as discussed in chapter 2, using an AC voltage VP-P  
~ 8 V, frequency f ~ 1 MHz and duration time t ~ 1 minute. On one wafer (one 




inch by one inch), we have 50 pairs of Nb electrodes for device fabrication and 





Figure 3.1: SEM picture of a typical Nb contacted SWCNT FET, the alignment of 
one individual SWCNT between two Nb electrodes is achieved by using AC 
dielectrophoresis with applied AC voltage VP-P  ~ 8 V, frequency f ~ 1 MHz and 
duration time t ~ 1 minutes. 
 
 
In comparison to rectangular electrodes, the triangular tip of our Nb 
electrodes allows fewer individual SWCNTs being aligned in the conducting 
channel, which facilitates our purpose of having a single s-SWCNT bridging 
across the electrodes. The yield of devices with one individual SWCNT laid 




across adjacent Nb electrodes, as shown in Figure 3.1, is between 30 to 40%. The 
diameters of SWCNTs used in the present work were from 1.0 to 1.5 nm, which 
were characterized by atomic force microscopy (AFM). After fabrication, the 
SWCNT FETs were given a heat treatment at ~100 
o
C in an oven to remove the 
unintentional and unavoidable contaminants in the fabrication process such as 
water molecules, NaDDBS (the solvent) molecules attached at the contacts 
interface (Islam et al., 2003).  
The electrode annealing was carried out in a vacuum chamber (~3× 10
-6
 
mbar) between 400 and 900 
o
C to allow for reaction between Nb and SWCNT to 
form niobium carbides. Annealing in vacuum also avoided the formation of Nb 
oxides (Leroy et al., 2007),
 
which can hinder the formation of good contacts. In 
order to investigate the details of change at the SWCNT/Nb interface in the 
process of carbide formation, 3 sets of annealing conditions were used: i) heating 
from room temperature to 400 
o
C in 90 s and holding the temperature at 400 
o
C 
for 1 hr, ii) heating from 400 to 700 
o
C in 90 s and holding the temperature at 700 
o
C for 1 hr, and iii) heating from 700 to 900 
o
C in 60 s and holding the 
temperature at 900 
o
C for 1 hr. As shown in Figure 3.2, at about 700 
o
C, the part 
of SWCNT on top of Nb interface disappeared, indicting the reaction between 
SWCNT and Nb to form niobium carbide. The characterization of the niobium 
carbide contact will be discussed in the following sections.  
 






Figure 3.2: SEM pictures of a typical Nb and SWCNT contact: (a) before, and (b) 
after annealing in vacuum at 700 
o
C for 1 hr (resulted in the formation of niobium 
carbide, Nb2C). The SWCNT lying on the Nb electrode becomes invisible after 




3.3  XRD characterization of niobium carbides 
In order to investigate the changes happening at the contact interface 
between SWCNT and Nb electrodes in the niobium carbide formation process, X-
ray diffraction (XRD) was employed. However, as the contact area of SWCNT 
and Nb electrode is one dimensional and just several hundred nanometers long, it 
is impossible to focus the laser beam of XRD system on the Nb contacts of the 
CNTFET. Therefore in this work, in order to solve this problem, we deposit a thin 
layer of Nb on one silicon substrate by electron beam evaporation and coated one 
thin layer of SWCNT film on the Nb surface. As a result, the XRD study of 




SWCNT and Nb contacts can be achieved by scanning on the SWCNT thin film 
on the Nb layer.  
To clarify the formation process of the niobium carbide, the results of 
XRD scanning before and after every annealing step are compared. After 
annealing at 400 
o
C, there is almost no reaction between SWCNTs and Nb and the 
XRD spectrum is similar to that shown in Figure 3.3a. However, after further 
annealing in vacuum at 700 
o
C for 1 hr, three peaks of Nb2C corresponding to 
different lattice orientations: Nb2C (100), Nb2C (002) and Nb2C (101) appear (see 
Figure 3.3b). If further annealing is conducted at 900 
o
C for 1 hr, an additional 
peak for another niobium carbide phase (NbC) is observed, as shown in Figure 
3.3c, meaning the co-existence of Nb2C and NbC after 900 
o
C annealing.  
In conclusion, the XRD study reveals the structural change of the SWCNT 
and Nb contacts, which is believed to lead to changes in the electrical properties 
of SWCNT-Nb contacts, and this will be analyzed in detail in the following 
section.  





Figure 3.3: XRD spectra of SWCNT thin film deposited on 50 nm Nb layer: (a) 
before annealing. (b) after vacuum annealing at 700 °C for 1 hr (resulted in Nb2C 
formation), and (c) after vacuum annealing at 900 °C for 1 hr (resulted in 
additional NbC formation). The spectrum after annealing at 400 
o
C is similar to 
that without annealing. 
 
 




3.4  Electrical properties of niobium carbide in CNTFET 
Owing to the good alignment effect of AC dielectrophoresis, the SWCNTs 
are well aligned between two adjacent electrodes (see Figure 3.1), meaning the 
length of the SWCNT channel is almost equal to the gap width (600~800 nm) 
between the tips of electrodes, and at such channel length, the transport 
mechanism of the fabricated devices is believed to be diffusive rather than 
ballistic (Durkop et al., 2003; Javey et al., 2003).
 
 
As observed in Figure 3.4, prior to annealing, almost no current was 
measured flowing through most of the Nb contacted SWCNT FETs. This is 
probably owing to the formation of a thin layer of Nb oxides (up to ~ 6 nm of 
NbO and Nb2O5) on the surface of Nb electrodes (Grundner and Halbritter, 1984; 
Romero et al., 2004)
 
upon its exposure to air and to H2O during the AC 
dielectrophoresis process, as a result of the high reactivity of Nb surface to the 
environment. These Nb oxides could lead to a tunneling barrier being formed 
between the SWCNT and Nb electrodes, which hinders carriers (both holes and 
electrons) transporting between contacts to the SWCNT channel. In addition, in 
the present work, as the SWCNTs are simply laid on top of Nb surface, meaning 
the SWCNTs are side-bonded to Nb electrodes by the Van der Waals force, our 
fabricated devices therefore have large parasitic contact resistance (Avouris et al., 
2003). It is believed that both the presence of Nb oxides and Van der Waals 




bonding between SWCNT and Nb are the reasons for the minimal carrier 
transport at the contacts.  
After annealing in vacuum (~3×10
-6
 mbar) at 400 
o
C for 1 hr, the current 
flowing through the SWCNT FETs became detectable, as shown in Figure 3.4. 
The IDS-VGS characteristic, as shown in Figure 3.4a, is ambipolar with the ON 
current (ION) of the p- and n-channels of only ~ 10
-8 
A at VDS = 0.1 V and the 
ION/IOFF ratio of only ~10
3
. This shows that near symmetrical SBHs, which are 
substantial, exist at the SWCNT and Nb interfaces for both hole and electron 
flows. The substantial SBH also results in the large subthreshold slope ~ 2.6 
V/dec for the p-branch and ~3.2 V/dec for the n-branch, as shown in Figure 3.4a, 
and a highly nonlinear IDS-VDS curve (VGS = 0 V), as shown in the inset of Figure 
3.4b. The ―improved‖ I-V characteristics, compared to those prior to annealing, 
are a direct result of the 400 
o
C thermal annealing in vacuum. This could have 
improved the bonding between the SWCNT and Nb electrodes and have caused 
the break-up of the thin layer of Nb oxides at the SWCNT and Nb interface. After 
400 
o
C annealing, there should be no Nb carbide formation (Leroy et al., 2007), 










Figure 3.4: (a) IDS-VGS curves (VDS = 0.1 V) for the SWCNT FET with Nb 
contacts before and after vacuum annealing at 400, 700, 900 
o
C for 1 hr. (b) 
Corresponding IDS-VDS curves of the SWCNT FET at VGS = 0 V and the inset is an 
expanded curve of the SWCNT FET after vacuum annealing at 400 
o
C for 1 hr.  
The diameter of the SWCNT in the CNTFET is ~ 1.5 nm. 
 




By further annealing at 700 
o
C for another 1 hr in vacuum, the p-channel 





as seen in Figure 3.4a, while the current in n-channel decreases to < 10
-10
 A. It is 
also seen that the ION/IOFF ratio for the p-channel is increased to 10
5
, owing to the 
increase in ION while IOFF is almost unchanged. In other words, the SWCNT FET 
has changed from ambipolar to unipolar p-type after the 700 
o
C annealing, 
signifying that the SBH for hole transport is much reduced, while that for electron 
transport is increased. In addition, it is seen in Figure 3.4b that the IDS-VDS curve 
of the SWCNT FET has become linear, meaning the contacts have become near 
Ohmic (or the SBH is very small) after the 700 
o
C annealing. The improvement 
achieved by the 700 
o
C annealing is believed to be owing to the formation of 
niobium carbide (Nb2C) between the SWCNT and Nb (Leroy et al., 2007), which 
is  confirmed by the XRD measurement shown in Figure 3.3. The formation of the 
carbide (Nb2C) has increased the work function of the metal contact from that of 
Nb (m ~ 4.3 eV) to that of Nb2C (m ~ 5.2 eV) (Samsonov et al., 1972). 
Consequently, the Fermi level of the contacts has shifted closer to the edge of 
valence band of the SWCNT, meaning the SBH for hole transport has become 
negligible while that for electrons has increased substantially to prevent electron 
transport, thus yielding a much higher p-channel ON current and highly 
asymmetrical, unipolar IDS-VGS relation, as shown in Figure 3.4a. It is also 
believed that the process of Nb2C formation at high temperature breaks up the Nb 




oxide layer at the contact interface, similar to the TiC formation process (Bing-
Yue et al., 2006). In addition, the formation of Nb2C could be in the form of 
nanorod and transform the side-bonded contact to an end-contact structure or 
SWCNT/Nb2C heterostructure with well-ordered interface (Zhang et al., 1999).
 
As shown by the SEM pictures in Figure 3.2, the SWCNT laid on the surface of 
the Nb electrode disappears after the 700 
o
C annealing. This indicates that with 
the formation of niobium carbide (Nb2C), the SWCNT is entirely embedded 
within the electrode, thus strengthening the coupling between SWCNT and 
electrodes. This, coupled with a higher work function of Nb2C, meaning the 
Fermi level of contacts has shifted close to the edge of valence band of SWCNT, 
thus leading to a negligible contact SBH for hole transport, while increasing that 
for electrons to prevent electron transport. It has been suggested that the effective 
contact area between SWCNT and Nb2C electrodes also becomes larger 
(compared to that between SWCNT and Nb electrodes) with the SWCNT totally 
embedded in the carbide contact (Changxin et al., 2006; Zhang et al., 1999) and 
this can be another reason for the better electrical contacts (reduced resistance). 
The subthreshold slope of the SWCNT FET has also decreased to ~550 mV/dec 
(an improvement of about 5 times over that of the Nb contacted SWCNT FET). In 
addition, the transconductance (dIDS/dVGS)  improved to 8.5×10
-7
 A/V, which is 
comparable to high-performance TiC-contacted SWCNT FET (Martel et al., 
2001). Moreover, after the formation of Nb2C, the contact resistance is found to 




be about 100~200 kΩ, which is similar to that reported for TiC contacts (Zhang et 
al., 1999), suggesting that Nb2C contacts are probably comparable to TiC contacts 
to SWCNT. 
After further annealing at 900 
o
C for 1 hr, the p-channel ON current of 
SWCNT FETs decreases rather than increasing further, with respect to that after 
annealing at 700 
o
C, as shown in Figure 3.4a. From the XRD results shown in 
Figure 3.3c, the peak for another niobium carbide phase (NbC) is observed after 
900 
o
C annealing, meaning the co-existence of Nb2C and NbC, this could mean 
the Nb carbides (mixture of Nb2C and NbC)/SWCNT interface may not be as 
well-ordered as the SWCNT/Nb2C heterostructure, thus impeding the carrier flow. 
Furthermore, the work function of NbC (m ~ 4.85-4.95 eV) (Santerre et al., 1999) 
is slightly lower than that of Nb2C (m ~ 5.2 eV), which probably results in a 
small increase in the SBH for hole transport. Therefore, the p-channel ON current 
of the SWCNT FET after 900 
o
C annealing is reduced. This signifies that the 
optimum annealing temperature for the formation of the Nb carbide contact for p-
type SWCNT FET is 700 
o
C to form pure Nb2C contacts and that 900 
o
C 
annealing should be avoided. 
In conclusion, the change in the electrical characteristics of Nb contacted 
CNTFET is attributed to the formation of niobium carbide at the contacts. We will 
now relate that change to the change in the Schottky barrier height (SBH) of the 
contact. The SBH of the contacts was estimated using the usual Schottky barrier 




model, as expressed by equations (3.1) and (3.2) (Hunger et al., 2004; Perello et 
al., 2007). As we want to investigate the pristine Schottky barrier height of metal 
and CNT contact, the back gate voltage is set as zero (VGS=0V). As shown in 
Figure 3.5a, our device behaves well according to the Schottky model. The SBH 
at zero bias (b) is estimated by plotting the effective SHB (e), extracted from 
Figure 3.5a, against the square root of bias voltage (
2/1V ) and fitting it linearly by 






















be         (3.2)  
 












Figure 3.5: Plots of (a) ln(I/T
2
) versus 1/T from 200 to 300 K for different bias 
voltages, V = 0.1 to 0.5 V in steps of 0.1 V, to determine the contact effective 
Schottky barrier height (e) for hole transport, gate bias VGS=0V, and (b) 
effective SBH as a function of the square root of bias voltage (
2/1V ). Schottky 
barriers at zero bias voltage (b) are attracted for devices after annealing at 400, 
700 and 900 
o
C, respectively.  
 




The SBH of the Nb/SWCNT contact after 400 
o
C annealing is estimated to 
be b~ 98 meV. After the formation of niobium carbide (Nb2C) at 700 
o
C 
annealing, the SBH of the Nb2C/SWCNT contact decreases significantly to b~18 
meV (a decrease of > 80%), hence leading to a much higher current through the 
contact and resulting in the unipolar p-type characteristic, as shown in Figure 3.4a. 
With further annealing at 900 
o
C, the SBH of the niobium carbide and SWCNT 
contact increases from 18 to 24 meV, owing to the formation of an additional 
niobium carbide phase NbC. The variation of the contact SHB is consistent with 
I-V characteristics shown in Figure 3.4.  
Finally, it has been found that after 10 days of Nb2C formation, the 
electrical characteristic of our SWCNT FET with Nb2C contacts does not change 
significantly (see Figure 3.6), which means the stability of Nb2C contacted 
SWCNT FET is good. This is probably related to SWCNT being totally 
embedded in the Nb electrodes (see Figure 3.2), meaning almost no 
contamination in the air can impact the SWCNT/Nb interface. 
 
 






Figure 3.6: IDS-VGS curves (VDS = 0.1 V) of Nb2C contacted SWCNT FET 
immediately after the formation of Nb2C and after exposure to air for 10 days. 
 
 
3.5  Comparison of niobium carbide contacts with titanium carbide and 
palladium contacts  
SWCNT FETs with either TiC or Pd source/drain contacts are fabricated 
as control devices in this work. This is because Pd is known as the best contact for 
p-type CNTFET and TiC is the only transition metal carbide that has been 
extensively studied as contacts for CNTFETs. The fabrication processing 
procedures for these two devices are similar to those described in Section 3.2, 
except that TiC contacts were formed by annealing Ti electrodes at 700 
o
C in 




vacuum for 30 minutes (Leroy et al., 2006) and Pd contacts were given a general 
thermal annealing at 200 
o
C in N2 ambient for 1 hr rather than a high temperature 
annealing (Javey et al., 2003). This is because for Pd and SWCNT contact, the 
aim of annealing is just to remove the possible contaminations at the contact 
interface and not for reaction between Pd and carbon atoms.  
The performance of Nb2C contacts is compared with TiC and Pd contacts 
to SWCNTs (d ~ 1.5 nm), as shown in Figure 3.7. It is seen that Nb2C contacted 
SWCNT FET has comparable ION and subthreshold slope to those of Pd and TiC 
contacted devices, and shows a more unipolar p-type characteristic than TiC 
contacted device. The IDS-VDS curves of all three contacts demonstrate linear 
relation (see the inset of Figure 3.6). Hence, similar to Pd and TiC contacts, 
Ohmic characteristic can be achieved by Nb2C contact to SWCNTs. The SBH for 
Pd and TiC contacts are measured to be ~17 and ~30 meV, respectively, thus 
Nb2C with a SBH of ~ 18 meV is as good as Pd as contacts to SWCNTs and 
better than TiC. Owing to the higher work function of Nb2C (m ~ 5.2 eV), than 
that of TiC (m ~ 4.33 eV), Nb2C contacted SWCNT FET has a unipolar p-type 
characteristic, just like Pd contacted devices, while TiC contacted SWCNT FET 
has a more ambipolar characteristic. Therefore, Nb2C is considered a better 
candidate than TiC as Ohmic contacts to p-type SWCNT FETs, and is as good as 
Pd. 
 






Figure 3.7: IDS-VGS curves (VDS = 0.1V) for Nb2C, TiC and Pd contacted SWCNT 
FETs (SWCNT diameter ~1.5 nm). Inset shows the corresponding IDS-VDS curves 
(VGS = 0 V).  
 
 
Figure 3.8 shows the IDS-VDS (VGS = 0V) and IDS-VGS (VDS = 0.1 V) 
characteristics of Pd and Nb2C contacted SWCNT FETS with diameter of 
SWCNTs at ~1.5-1.6 and ~1.0 nm. It is seen that the dependence of the I-V 
characteristics on the diameter of SWCNT is significant for the former, but mild 
for the latter. When the diameter of SWCNT decreases to ~1.0 nm, Nb2C can still 
form near Ohmic contact with SWCNTs, as manifested by the linear IDS-VDS 
relation in Figure 3.8b; while this cannot be achieved by Pd contacts, as shown in 
Figure 3.8a, where the IDS-VDS relation becomes non-linear when the diameter of 




SWCNT decreases from ~1.53 nm to ~1 nm, which means the contact has 
changed from near Ohmic to Schottky characteristic. Our results for Pd contacts 
show a similar trend to that reported by Kim et al (Kim et al., 2005).  The SBH of 
the Pd/SWCNT (d ~1 nm) contact is estimated to have increased to 78 meV (up 
from 17 meV for SWCNT with diameter of ~1.53 nm). This shows that the SBH 
of Pd contact is dependent on the bandgap (which is inversely proportional to 
diameter) of SWCNTs. In contrast, Nb2C contacted devices with either large 
(~1.6 nm) or small (~1 nm) diameter SWCNTs exhibit similar linear IDS-VDS 
relation and near Ohmic performance, as shown in Figure 3.8b, and their SBHs 
remains at ~18 meV. Since the work functions of Nb2C (~ 5.2 eV) and Pd (~ 5.12 
eV) are similar, we believe the improvement of the electrical performance is 
related to the formation of carbide, Nb2C, which leads to a more intimate bonding 
with SWCNT, regardless of the diameter of SWCNT.  
 
 







Figure 3.8: IDS-VDS curves (VGS = 0 V) for (a) Pd contacted SWCNT FETs with 
1.53 and 1 nm SWCNTs, and (b) Nb2C contacted SWCNT FETs with 1.6 and 1 
nm. Insets show the IDS-VGS curves (VDS  = 0.1 V) for SWCNT FETs. 
 




3.6  Summary 
We have fabricated and characterized SWCNT FETs with niobium 
contacts, which were subsequently thermally annealed in vacuum to yield 
niobium carbide contacts. It has been demonstrated that the formation of niobium 
carbide (Nb2C) by annealing at 700 
o
C can dramatically decrease the contact 
resistance, which results in an increase in the p-channel ION, ION/IOFF ratio and 
decrease of subthreshold slope for SWCNT FETs. This is owing to the reduction 
of the Schottky barrier height with the formation of Nb2C at the interface of Nb 
electrode and SWCNT, as a result of the higher work function of Nb2C and the 
improved bonding or better contact structure between Nb2C and SWCNT. The 
performance of Nb2C contacts to SWCNTs is shown to be as good as the Pd and 
TiC contacts for SWCNTs with diameter of ~1.5 nm. The Nb2C contacts have 
also shown good stability. Mostly importantly, we have shown that Nb2C can 
form near Ohmic p-type contacts to both large (> 1.6 nm) and small diameter (~1 
nm) SWCNTs, while Pd can only form near Ohmic contact for large diameter 
SWCNT. In comparison with TiC contacts, Nb2C contacts yield SWCNT FETs 
with more unipolar p-type characteristics, as a result of the higher work function. 
It should be noted that in order to exploit the niobium carbide contact for 
applications in SWCNT devices, thermal annealing should be conducted at 700 
o
C 
to yield Nb2C only and higher annealing temperature should be avoided, e.g., 




annealing of Nb at 900 
o
C leads to the formation of an additional carbide phase, 






Chapter 4 n-type random network single-wall carbon nanotube field effect 




Chapter 4  
n-type random network single-wall carbon nanotube field effect transistor 
with Yttrium contacts 
 
In this chapter, the investigations on Yttrium contact to n-type random network 
single-wall carbon nanotube field effect transistor (rn-SWCNT FET) will be 
presented. 
 
4.1 The advantages of carbon nanotube thin film transistors 
As discussed in Chapter 1, the challenges of CNTFETs based on 
individual SWCNT (i-SWCNT) have yet to be solved. One of the most serious 
problems is the poor reproducibility of device characteristics owing to the lack of 
precise control on the properties (chirality and diameter) of individual tubes in the 
synthesis. In addition, assembling individual SWCNTs on metal contacts is still 
technologically difficult. Furthermore, the current drive capability of individual 
SWCNTs (IMAX ~ 25A) is limited by the maximum conductance of SWCNT 
(Javey et al., 2003) and the Schottky barrier at the SWCNT and metal contacts 
(Heinze et al., 2002), which constrains the output current of i-SWCNT FET. On 
the other hand, random network SWCNTs (rn-SWCNT) FETs, where an 
ensemble of large number of individual tubes constituting a network (instead of 
individual SWCNT) is used as the channel, have shown to be promising (Seidel et 
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al., 2004; Snow et al., 2005; Snow et al., 2003) for applications which require 
large current, e.g., power transistor, flexible electronics, etc. This is because rn-
SWCNT FETs have a structure, similar to the thin film transistor (TFT), with a 
large active area of an ensemble of SWCNTs in each device that would result in a 
high current drive. Moreover, the structure of rn-SWCNT FETs allows them to 
avoid the challenges faced by i-SWCNT FETs: (i) statistically minimizes the 
effects of electronic heterogeneity of individual SWCNTs, thus improving the 
reproducibility and uniformity of the device performance; and (ii) relaxes the 
process requirements of precise control of position and orientation of individual 
SWCNTs in the devices.  
 
4.2 The status of n-type rn-SWCNT FET 
To date, p-type rn-SWCNT FETs have been successfully fabricated (Hur 
et al., 2005; Izard et al., 2008; Nouchi et al., 2008; Ohishi et al., 2006; Ozel et al., 
2005; Po-Wen and Chien-Hua, 2008; Seidel et al., 2004; Snow et al., 2005; Snow 
et al., 2003; Zavodchikova et al., 2009; Zhou et al., 2004) and have demonstrated 
high performance, e.g., field effect mobility as high as 150 cm
2
/(V·s) (Snow et al., 
2005), which is much higher than that of amorphous Si (~1 cm
2
/(V·s)) (Madelung, 
2000), a material commonly used in commercial thin film transistors (TFT). In 
contrast, the research on n-type rn-SWCNT FETs (Hur et al., 2005; Nouchi et al., 
2008; Ozel et al., 2005; Zhou et al., 2004), which is also important to rn-SWCNT 
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based CMOS circuits is obviously lagging behind that of the p-type devices. 
Some groups have reported n-type rn-SWCNT FETs achieved by means of 
coating rn-SWCNT with polymer polyethylene imine (PEI) (Hur et al., 2005; 
Nouchi et al., 2008; Zhou et al., 2004) to chemically dope the carbon nanotubes. 
However, the life-time of PEI coated carbon nanotube FETs is very limited as a 
consequence of the low air stability of PEI (Balasubramanian et al., 2008), which 
makes this method not suitable for practical applications. Therefore, a more 
reliable method is needed to fabricate n-type rn-SWCNT FETs. Since both 
individual and rn-SWCNT FETs have shown to be Schottky barrier transistors 
(Fukao et al., 2006; Heinze et al., 2002), it is in principle possible to achieve n-
type characteristic by utilizing metal electrodes with ultra-low work function. It 
has been reported that i-SWCNT FETs with Calcium (m ~2.8 eV) (Nosho et al., 
2005), Scandium (m ~3.5 eV) (Zhang et al., 2007b; Zhang et al., 2008), 
Gadolinium (m ~3.1 eV) (Kim et al., 2008), or Yttrium (m ~3.1 eV) (Ding et al., 
2009) contacts exhibit n-type transport characteristic. However, to our knowledge, 
the idea of contact engineering has not been applied to rn-SWCNT FETs to 
achieve n-type characteristics. In our work, we explore the fabrication of rn-
SWCNT FETs without using chemical doping, but by contact engineering. 
Yttrium (Y) is chosen in this work as the contacts not only owing to its ultra-low 
work function of ~3,1 eV, but also because Y/CNT contacts have shown Ohmic 
characteristic and relatively good stability in air (Ding et al., 2009). Moreover, its 
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lower commercial price than that of Sc or Gd, which makes it more cost-effective, 
is another advantage.  
 
4.3 Fabrication procedure of Yttrium contacted rn-SWCNT FET 
The fabrication procedure of rn-SWCNT FET is similar to that of i-
SWCNT FET as discussed in Chapter 2. Highly doped silicon wafer with 200 nm 
dry thermal oxide (SiO2) was used as the substrate. The silicon substrate was used 
as the back gate of FETs. Before depositing SWCNTs onto the substrate, the 
wafer was cleaned in hot Piranha solution (3:1 H2SO4:H2O2) for 45 minutes to 
clean the wafer surface and enhance the adhesion between SWCNTs and SiO2. 
The SWCNTs were deposited onto the SiO2 surface from the CNT solution by 
spin coating as no alignment is necessary, which makes the fabrication much 
easier.  
In our work, semiconducting-rich SWCNT sample bought from 
SWeNT.inc (90% tubes are semiconducting, of which 50% have (6, 5) chirality) 
was used to prepare the SWCNT solution  using the following recipe: 40 mg of 
SWCNTs powder and 1 g of sodium dodecylbenzene sulfonate (NaDDBS) were 
mixed with 100 ml DI water. The mixture was ultrasonicated by a homogenizer 
(750 Watt, 90% amplitude) for 30 mins, followed by centrifugation at 14,000 rpm 
for 3 hr. The supernatant (~80%) was subsequently decanted carefully to yield 
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only well dispersed or small bundled SWCNTs. The typical diameter and length 
of SWCNTs in the solution were about 1 nm and 1 m, respectively. A few tubes 
of length up to ~2 m are also observed by scanning electron microscopy (SEM). 
The purified solution (roughly 150 μL) was then carefully dropped via a pipette 
near the surface and in the center of the of the substrate (1 cm × 1 cm) spinning at 
5000 rpm to deposit a thin film of SWCNTs on the SiO2 surface. The samples 
were then rinsed in DI water to remove the NaDDBS residues and dried by 
filtered N2 gas. As determined from SEM images, which were taken at random 
locations on the substrate, a monolayer of RN-SWCNTs was found to be 
deposited on the substrate surface (see Figure 4.1). Prior to device fabrication, the 
samples coated with SWCNTs were annealed at 400 °C to remove surfactants and 
water molecules to ensure good contact quality with metal. The source and drain 
metal electrode [Y/Au (50/30 nm)] were deposited by means of electron beam 
evaporation (chamber pressure~5 10
-7
 mbar). The Y layer is in direct contact 
with the rn-SWCNT and the Au layer was used to prevent oxidation of Y, as Y is 
a rare earth metal that is reactive in air. After the standard metal lift-off process, 
the active regions of the FETs were protected by photoresist and the extraneous 
SWCNTs on the substrate were removed by O2 plasma to electrically isolate the 
channel region of individual transistors.  
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Figure 4.1: SEM picture of random network of SWCNTs on the SiO2 substrate. 
 
 
4.4 The electrical characterization of rn-SWCNT FET with Yttrium 
contacts 
Figure 4.2a shows a typical rn-SWCNT FET and it is seen that the 
SWCNT strands are randomly distributed in the network of SWCNTs between the 
source and drain electrodes. The FET channel therefore comprises many transport 
routes of SWCNT strands connected to each other. As a SWCNT can be either 
semiconducting or metallic, depending on its chirality, and that metallic tubes can 
weaken the gate control effect in the carbon nanotube FET, it is essential to have 
the rn-SWCNTs compose of as many semiconducting SWCNTs (s-SWCNTs) as 
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possible. However, in contrast to i-SWCNT FETs, it is not necessary to remove 
all the metallic SWCNTs (m-SWCNTs) in the channel of a rn-SWCNT FET to 
achieve good gate control effect. This is because as long as one s-SWCNT exists 
in a transport route, it would exhibit semiconducting characteristic. As indicated 
in the radial breathing mode Raman characterization of the RN-SWCNT (see 
Figure 4.2b), there are three obvious peaks observed in the region from 150 to 400 
cm
-1
, corresponding to different chiralities of SWCNTs in the network, and the 
main peak is located around 275 cm
-1
, which corresponds to a tube diameter, d = 
0.86 nm ( RBM = 224/d + 14) (Rao et al., 2001).  This is consistent with the (6, 5) 
chirality of s-SWCNTs in our sample. All these indicate that the channel of the 
FET is mainly composed of s-SWCNTs and hence, the devices have the potential 
to exhibit high on/off current ratio. Moreover, it is observed that the SWCNT 
strands in the network are thin and uniform, meaning the RN-SWCNTs are 
mainly composed of separated individual SWCNTs or small bundles of just a few 
SWCNTs. 
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Figure 4.2: (a) SEM picture of a RN-SWCNT FET with Yttrium source and drain 
contacts (the lighter shade regions in figure), and (b) radial breathing mode 
Raman characteristic of the RN-SWCNT on the SiO2 substrate. 
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Figure 4.3a depicts the linear scale IDS-VGS curve of one of our rn-SWCNT 
FETs (channel length, LC = 4 m; channel width, WC = 10 m), which obviously 
shows that the Y contacted rn-SWCNT FET exhibits n-type characteristic. The 
result confirms that n-type rn-SWCNT FET can be achieved by means of contact 
engineering, similar to i-SWCNT FETs. The semi-logarithmic scale IDS-VGS curve 
shown in the inset of Figure 4.3a indicates that the on/off current ratio of the RN-
SWCNT FET is close to 10
4
. The On-current of the transistor is defined as the 
current at a gate voltage, VGS = 10 V, and the Off-current is the minimum current 
in the range of VGS from - 10 to +10 V. From Figure 4.3b, it is noted that IDS 
increases linearly with VDS at low bias voltage, hence it can be inferred that the Y 
electrodes form a near Ohmic contact with the conduction band of the SWCNTs. 
Although our rn-SWCNT FETs exhibit n-type characteristic, the semi logarithmic 
scale IDS-VGS curve in the inset of Figure 4.3a reveals that the p-branch current (at 
VGS = -10 V) of the Y contacted rn-SWCNT FET is not insignificant at ~10
-7
 A 
and is only just over a decade lower than the n-branch current, meaning the 
fabricated devices are more like ambipolar devices rather than pure unipolar n-
type devices. Such ambipolar characteristic is typical of the fabricated rn-SWCNT 
FETs with Y contacts in this work, and is not desirable for CMOS applications.  
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Figure 4.3: IV characteristics of a rn-SWCNT FET (channel length, LC = 4 m; 
channel width, WC = 10 m): (a) IDS-VGS curve at VDS = 0.1 V in linear scale for 
VGS from -10 to 10 V, and the inset shows the curve in semi logarithmic scale; and 
(b) IDS-VDS curves at VGS = 10, 5, and -5 V for VDS From 0 to 1 V. 
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The effects of rn-SWCNT FET channel length, LC, on the transistor 
characteristics is shown in Figure 4.4. As expected, the n-branch On-current (ION), 
the Off-current (IOFF), and the p-branch On-current (Ip) decrease with increasing 
LC, since a longer channel length means a higher channel resistance and more 
cross-nanotube junctions along the transport routes. It is seen that although 
transistors with LC = 2 m has the highest ION ~ 10
-5
 A, the on/off current ratio 
(ION/IOFF) is low at only ~10
2
. On the other hand, for LC = 6 or 8 m, while 
ION/IOFF is higher than 10
4
, ION is low at just over 10
-7
 A. Consequently, we have 
chosen LC = 4 m (ION ~ 10
-6
 A, ION/IOFF ~ 10
4
) as the optimum channel length for 
further investigations. 
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Figure 4.4: The effects of rn-SWCNT FET channel length on transistor 
characteristics: (a) n-branch On-current (ION), (b) Off-current (IOFF), (c) p-branch 
on-current (Ip), (d) on/off current ratio (ION/IOFF) and (e) n-/p-branch current ratio 




As noted earlier in the inset of Figure 4.3a and in Figure 4.4e, our rn-
SWCNT FETs are more ambipolar, rather than unipolar n-type with ION/Ip ~ 10. 
This is in contrast to Y contacted i-SWCNT FETs, which are more unipolar n-
type with ION/Ip ~ 10
3
 (Ding et al., 2009), achieved using contact metals of low 
work function.  We therefore suspect that the more ambipolar characteristic of our 
rn-SWCNT FETs is caused by the presence of the cross-nanotube junctions in the 
SWCNT network, which are absent in the channel of i-SWCNT FETs. As a high 
ION/IOFF >10
3
 is observed for our RN-SWCNT FETs (see inset of Figure 4.3a and 
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Figure 4.3d for LC = 4 m), it can be confirmed that there are no pure metallic 
transport routes comprising entirely of m-SWCNTs in the transistor channel. The 
semiconducting transport routes in the RN-SWCNT channel can be categorized 
into four simplified types (see Figure 4.5). If a transport route composes entirely 
of s-SWCNTs (type I), it will exhibit n-type characteristic similar to a Y contacted 
SWCNT FET, albeit the cross-nanotube junctions will result in additional channel 
resistance. On the other hand, if m-SWCNTs are present in a transport route, the 
crossed m- and s-SWCNT junctions would be critical to the transport 
characteristic of this route. This is because the junction between crossed m- and s-
SWCNT forms a rectifying Schottky barrier, while the s-s or m-m SWCNT 
junctions are good tunnel contacts with high conductance (Fuhrer et al., 2000). As 
shown in Figure 4.5, when the m-SWCNTs appear at the two ends of a transport 
route while the inner part of the route is semiconducting (type II), the transport 
mechanism of the route would then be subjugated by the Schottky barriers formed 
at the m- and s- SWNCT junctions (highlighted in Figure 4.5), as the m-SWCNTs 
form near ohmic contact with Y electrodes. The Schottky barrier at an m- and s-
SWCNT junction shows p-type dominant behavior (Austing et al., 2007; Fuhrer et 
al., 2000; Yun-Hi et al., 2006), consequently hole current would probably be 
flowing in the Y contacted rn-SWCNT channel as well, via type II transport 
routes. When only one end of a transport route is m-SWCNT while the rest is 
semiconducting (type III), the transport route would behave like a Schottky diode 
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owing to the n-type near Ohmic contact formed at s-SWCNT/Y electrode and p-
type Schottky contact formed at the m- and s-SWCNT junction. Therefore, 
electron current would conduct in this route depending on the polarity of the 
applied bias voltage (VDS): type III on the left shown in Figure 4.5 would conduct 
electron current, while that on the right allows minimal current flow. Lastly, when 
the m-SWCNTs appear in the middle of a transport route (type IV), it would 
comprise two back-to-back Schottky m- and s-SWCNT diodes and therefore only 
small junction leakage current can pass through this route, which can be ignored 
compared with the current in other routes. In reality, additional m- and s-SWCNT 
junctions appear in the inner part of the type II, III and IV routes and they can be 
regarded as combination transport routes (e.g., type II-IV shown in figure 4.5). 
Since more Schottky barriers exist in such routes, the current flow would be very 
small. 
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Figure 4.5: Schematics showing the 4 simplified types (I, II, III, IV) of transport 
routes in the RN-SWCNT FET channel. An example of combination transport 
route (Type II-IV) is also shown. 
 
 
4.5 Optimization of rn-SWCNT FET by chemical etching  
As the rn-SWCNT FETs in this work are constructed from 
semiconducting enriched carbon nanotube sample with 90% semiconducting 
nanotubes, most of the SWCNT strands in the FET channel would be 
semiconducting.  Therefore, most of the conducting routes would compose of 
entirely s-SWCNTs and exhibit n-type characteristic. However, as the remaining 
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10% of SWCNTs in the network are of the metallic type, the hole current in type 
II routes shown in Figure 4.5 would possibly exist in the channel. This could 
explain the ambipolar IDS-VGS curve observed, with a smaller p-branch current 
than the n-branch current.   
In order to improve the n-type unipolar characteristic of our rn-SWCNT 
FETs and also to verify our explanation above, the m-SWCNTs in the channel 
need to be removed to reduce the number of m- and s- SWCNT junctions in the 
rn-SWCNT channel. Several methods have been explored to deal with this 
problem. One approach that has been recently demonstrated is to lithographically 
pattern the channel dimensions such that the channel is long and narrow with 
respect to the tube lengths, which breaks the percolation in the metallic network 
(Qing et al., 2008). As only a single s-SWCNT in a multi-tube transport pathway 
is needed to yield an overall semiconducting behavior, it is possible to reduce 
significantly the possibility of metallic pathways by cutting narrow strips into the 
rn-SWCNT oriented along the overall transport direction. However, by using this 
method, the device area could be reduced, thus negating the advantage of large 
output current of rn-SWCNT FET. A second approach is via electrical breakdown 
— to deposit relatively high-density percolative SWCNT films, turn the 
semiconducting tubes “off” using the gate bias, and apply a large drain-source 
voltage pulse to burn out the metallic network, or at least a few critical metallic 
tubes or junctions. However by using this technology, the semiconducting 
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SWCNTs in the network would very likely be mis-killed by the thermal heating 
generated in the neighboring metallic SWCNTs. Moreover, this technique is not 
efficient as it has to be applied to individual devices on the wafer.  
Therefore in this work, we employed the method of chemical etching to 
remove the metallic SWCNTs in the channel of rn-SWCNT FET. Compared with 
the above methods, the chemical etching is more efficient as it is applied 
simultaneously to all the devices on a wafer. The electrophilic molecules — 2,4,6-
triphenylpyrylium tetrafluoroborate (2,4,6-TPPT) - were used to selectively etch 
the m-SWCNTs in the FET channel. The substrate was soaked and stirred in the 
2,4,6-TPPT solution (~ 3 mM) for the reaction. As electrophilic (electron-
accepting) molecules are believed to have stronger reactivity toward m-SWCNTs 
than s-SWCNT, owing to the finite electron density at the Fermi level of m-
SWCNT (So et al., 2007), the conductance of m-SWCNTs in the network was 
found to be selectively suppressed after the etching. As shown in Figure 4.6a, the 
On- and Off-currents of our rn-SWCNT FET as well as the p-branch current 
decrease after the chemical etching by 2,4,6-TPPT, which means the number of 
transport routes is reduced as a result of broken m-SWCNTs in the channel. It is 
observed that with the decrease of current, ION/IOFF  increases by about two orders 




, which confirms that the number of m- and s-
SWCNTs junctions responsible for the leakage current in the FET channel has 
reduced. It is interesting to note that the n-branch current decreases by about one 
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order of magnitude, while the p-branch current decreases more significantly, by 
over 3 orders of magnitude, thus yielding a highly n-type unipolar characteristic, 
as shown in Figure 4.6a. This further proves the removal of m- and s-SWCNT 
junctions in the rn-SWCNT FET channel, consequently leaving the electron 
current to be dominant. It is seen that high performance n-type rn-SWCNT FET 
has been achieved by employing contact engineering with Y electrodes and its 
ION/IOFF ~ 10
5 
is comparable to the n-type rn-SWCNT FETs achieved by 
converting from originally p-type devices using PEI chemical doping (Nouchi et 
al., 2008).  
As shown in Figure 4.6b, the variation in ION of 20 rn-SWCNT FETs (LC = 
4 m, W = 10 m) after the chemical modification process is just over one decade, 
which is lower than the corresponding deviation of i-SWCNT FETs of up to 3 
decades, owing to the difference in nanotube diameter (Chen et al., 2005b). This 
is likely because rn-SWCNT FETs have many nanotubes in the channel and the 
effect caused by the difference in the tube diameter is significantly mitigated. 
Therefore, compared with i-SWCNT FETs, rn-SWCNT FETs can achieve better 
device reproducibility.  
It should be noted that the results of the chemical etching process is 
dependent on the reaction time. As shown in Figure 4.6c, the reaction of metallic 
SWCNTs and 2,4,6-TPPT is not momentary but continuous. Therefore in the 
Chapter 4 n-type random network single-wall carbon nanotube field effect 




experiment, depending on the density of SWCNTs of the network, it is important 




Figure 4.6: (a) IDS-VGS curves (VDS = 0.1 V) of Y contacted rn-SWCNT FET (LC = 
4 m, W = 10 m) before and after the reaction with 2,4,6-TPPT,  (b) IDS-VGS 
curves (VDS = 0.1 V) of 20 RN-SWCNT FETs (LC = 4 m, W = 10 m) after 
reaction with 2,4,6-TPPT,  demonstrating the small deviation in the On-current of 
RN-SWCNT FETs, and (c) the effect of reaction time on the IDS-VGS curve of Y 
contacted rn-SWCNT FET (LC = 2 m, W = 10 m). 
 
 
 The effects of chemical etching by 2,4,6-TPPT on the distribution of 
ION/IOFF and ION/Ip of our rn-SWCNT FETs (LC = 4 m, W = 10 m) are shown in 
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Figure 4.7. Prior to etching, ~85% of the fabricated RN-SWCNT FETs (LC = 4 
m, W = 10 m) have ION/IOFF higher than 10
3
 and the highest current ratio 
attained is 5×10
4
. After etching, a still substantial ~75% of the rn-SWCNT FETs 
have ION/IOFF higher than 10
4
 and the highest current ratio achieved is 8×10
5
, 
indicating both numbers have increased by about one order of magnitude. The 
change in ION/Ip is more drastic, most of the transistors have the current ratio 10-
10
2




 after etching (an increase by 
two orders of magnitude). 














  , where the channel length LC  = 4 m, channel width 
WC= 10 m, bias voltage VDS  = 0.1 V, and gate oxide thickness tox = 200 nm (, 
and SiO2 are the permittivitives of free space and SiO2, respectively). It has been 
found that  of our rn-SWCNT FETs (after removing m-SWCNTs by 2,4,6-TPPT 






. This value is higher than that of other organic 
FETs (Fukao et al., 2006), and higher or at least comparable to that of reported p-
type rn-SWCNT FETs with similar structures (back-gated, L: 2~m, W~100m) 





 ) of our devices is about 
0.12 mS/mm and this value is also comparable to that of reported p-type rn-
SWCNT FETs (back gated, L=7m, W=130m) (Snow et al., 2005).   
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Figure 4.7: The effects of chemical etching by 2,4,6-TPPT on the distribution of 
(a) on/off current ratio (ION/IOFF), and (b) n-/p-branch on-current ratio (ION/Ip) of  
rn-SWCNT FETs (LC = 4 m, W = 10 m). 
 
Finally, it has been found that the performance of our n-type rn-SWCNT 
FET is stable in air, as shown in Figure 4.8, where the characteristics of air-
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exposed device (after 1-7 days) exhibit typical n-type behavior. This is believed to 
be due to the protection by Au layer on top of Y electrodes, which prevents Y 
from oxidation in the air. Therefore, it is seen that the two layer Y/Au electrode 
structure can achieve stable n-type rn-SWCNT FETs despite using a reactive rare 
earth metal (Y) with low work function. As shown in Figure 4.8, the IDS-VGS curve 
has a positive shift after 7 days (the shift is very small after 1 day). This is 
probably caused by O2 adsorption of RN-SWCNTs in air (Kim et al., 2008), 
which we believe can be prevented by passivating the devices with inert material 
shortly after fabrication. 
 
 
Figure 4.8:  IDS-VGS (VDS = 0.1 V) curves of a rn-SWCNT FET (LC = 4 m, W = 10 
m and after reaction with 2,4,6-TPPT, ) with Y/Au (50/30 nm) electrodes, 
immediately after fabrication, and after 1 day and 7 days exposure to air.  
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In summary, we have successfully fabricated n-type rn-SWCNT FETs (LC 
= 2, 4, 6 and 8 m; W = 10 m) with Y source and drain contacts and the n-type 
transport characteristic is attributed to the low work function of Y. It has been 
found that ION decreases with increasing LC, owing to the longer channel and 
presence of more cross-nanotube junctions in the SWCNT network. Owing to the 
high percentage of semiconducting tubes (~90%) in the SWCNT sample, the as 
fabricated rn-SWCNT FETs exhibit good ION (~10
-6
 A) and ION/IOFF current ratio 
(~10
4
) when the channel length is 4 m. The presence of m- and s- SWCNT 
Schottky junctions, as a result of the existence of ~10% metallic tubes, leads to 
the exhibition of undesirable ambipolar characteristic by the as fabricated rn-
SWCNT FETs. By means of 2,4,6-triphenylpyrylium tetrafluoroborate (2,4,6-
TPPT) modification, the m-SWCNTs in the rn-SWCNTs can be selectively 
removed, resulting in the conversion of typically ambipolar devices to unipolar n-




. The chemical modification also improves the 
ION/IOFF up to ~10
5
, which is comparable to the n-type rn-SWCNT FETs achieved 
by converting from originally p-type devices using PEI chemical doping. The 
high value of ION/IOFF is not achieved at the expense of mobility, which is 






for our unipolar n-type rn-SWCNT FETs. 
It should be noted that the mobility value is better than that of other organic FETs, 
and higher or at least comparable to that of reported p-type rn-SWCNT FETs. The 
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transconductance gm of our devices is ~ 0.12 mS/mm and this is also comparable 
to that of reported p-type rn-SWCNT FETs. It has also been demonstrated that the 
reproducibility of rn-SWCNT FETs is better than that of i-SWCNT FETs. 
Moreover, our fabricated devices have demonstrated air-stable n-type 
characteristics. In summary, the achievement of uniform and stable n-type rn-
SWCNT FETs, using low work function metal such as Y as contacts, suggests 
that contact engineering may be a viable and promising process for high 
performance n-type rn-SWCNT FET fabrication.  





Chapter 5  
The Semiconducting-Semiconducting Double-Wall Carbon 
Nanotube Field Effect Transistors 
 
In this chapter, the differences between semiconducting-semiconducting double-
wall carbon nanotube field effect transistors (s-s DWCNT FETs) and single-wall 
carbon nanotube field effect transistors (SWCNT FETs) will be investigated. In 
particular, the studies focus on the effects of inter-tube interaction of DWCNT on 
transistor characteristics. 
 
5.1 The unique electrical properties of double wall carbon nanotube 
Double-wall carbon nanotubes (DWCNTs) have garnered increasing 
attention for multiple applications because of their unique structure, which 
provides them with characteristics lying between those of SWCNT and multi-wall 
carbon nanotube (MWCNT). Depending on the chirality of the inner and outer 
tubes, DWCNTs can behave either like SWCNTs (both metallic and 
semiconducting) or semi-metallic material with very small bandgap, owing to the 
inter-tube interactions (Liu et al., 2009). Therefore, in addition to SWCNT, 
DWCNT also has the potential to be employed as a functional element for FET 
application. On the other hand, DWCNT has been reported to possess mechanical 





properties and structural and thermal stability that are superior to those of 
SWCNT (Kim et al., 2004). DWCNT is hence regarded as a better candidate for 
applications where electronic devices have to operate under high temperature and 
high current environments. Moreover, compared with SWCNT, the current 
carrying capability of each tube of DWCNT has been experimentally 
demonstrated to be up to about two times that of SWCNT (Sunkyung et al., 2007; 
Wang et al., 2007), which means the output current of the DWCNT devices would 
be correspondingly larger.  
 
5.2 The Status of DWCNT FET 
Depending on the different combinations of the outer and inner tubes, 
there are four possible types of DWCNTs, as the two tubes can be either metallic 
(m) or semiconducting (s). It has been shown both m-s and m-m (with the first and 
second letters indicating the type of the outer and inner tube, respectively) 
DWCNTs, i.e, DWCNTs with metallic outer tube, exhibit metallic characteristic 
as their electrical properties are dominated by the outer tube (Liu et al., 2009). 
Therefore, both m-s and m-m DWCNTs cannot be used to make CNTFETs. On 
the other hand, the CNTFETs based on s-m DWCNT are found to exhibit weak 
gate modulation effect with very low on/off current ratio (< 10) at room 
temperature, owing to the inter-tube interactions (Liu et al., 2009). Therefore, s-m 
DWCNT is also not an ideal candidate for FET application, even though it has 





been substantially studied to explore the inter-tube interactions in CNTs (Jie et al., 
2007; Shidong and Grifoni, 2007; Wang et al., 2005). In conclusion, only s-s 
DWCNT could be used to fabricate high performance CNTFETs. 
The first s-s DWCNT FET was reported in 2004 (Shimada et al., 2004), 
which described the ambipolar characteristic exhibited by s-s DWCNT, owing to 
the large diameter of the outer tube of DWCNT (Liu et al., 2009; Wang et al., 
2007; Wang et al., 2005), which is similar to the characteristic of large diameter 
SWCNT FETs. In essence, s-s DWCNT FETs behave similar to semiconducting 
(s)-SWCNT FETs. Theoretically, the electronic properties of s-s DWCNT would 
be different from those of s-SWCNT, owing to the interactions between the inner 
and the outer tube in the former (Jing et al., 2005; Okada and Oshiyama, 2003). 
However, the effects of the inter-tube interaction on the transport characteristics 
of s-s DWCNT FETs have not been experimentally studied. Therefore, the main 
motivation of the current work is to investigate the transport characteristics of s-s 
DWCNT FETs, and by comparison with those of s-SWCNT FETs, to study the 
inter-tube interaction in s-s DWCNT.  
 
5.3 The fabrication procedure of DWCNT FET 
The fabrication process of back gated DWCNT FET (see Figure 5.1a) is 
similar to that of SWCNT FET by using AC dielectrophoresis (see Chapter 2). A 
typical fabricated DWCNT FET is shown in Figure 5.1b. In our work, the channel 





length of DWCNT FETs was about 0.6~0.8 µm. Ti/Au (10/40 nm) electrodes 
were applied as the source and drain contacts. The yield of devices with only one 
DWCNT bridging the source and drain electrodes, as shown in Figure 5.1b, is 
about 30%. Therefore, our process can guarantee that there are enough devices for 
systematical study in our work. The TEM picture, as shown in Figure 5.1c, 
confirms the structure of DWCNT sample in our work.  
The diameters of DWCNTs in the devices were measured by means of 
atomic force microscopy (AFM) and they ranged from ~1.3 to 3.7 nm. While in 
the control devices (SWCNT FETs), the diameter of SWCNTs was from ~ 0.9 to 
2.35 nm.  
 
 
Figure 5.1: (a) Schematic layout of a back-gated carbon nanotube FET, where the 
carbon nanotube was deposited on the top of Ti/Au electrodes by AC 
dielectrophoresis, and (b) SEM picture of a typical DWCNT FET, (c) TEM 
picture of DWCNTs. 
                  





5.4 The electrical characteristics of DWCNT FET 
5.4.1 The relationship between DWCNT FET characteristics and the 
structure of DWCNT 
In the batch of DWCNT devices, three types of transport characteristics, 
i.e., metallic, semi-metallic and semiconducting have been observed, as shown in 
Figure 5.2a, corresponding to the m-m/m-s, s-m and s-s DWCNT channel, 
respectively. As for the batch of SWCNT devices, only the metallic and 
semiconducting characteristics are observed, as indicated in Figure 5.2b. The 
semi-metallic characteristic means the transport characteristic of the DWCNT 
FETs can be controlled by the gate voltage, like semiconducting SWCNT FETs, 
but the on/off current ratio (<10) is much lower than that of semiconducting FETs 
(>10
3
). The semi-metallic characteristic is considered a unique feature of s-m 
DWCNT FETs. As our emphasis is the FET application of DWCNT, the 
following discussion will focus on s-s DWCNT FETs, i.e., those that exhibit 




















Figure 5.2: (a) IDS-VGS curves of three types of DWCNT-FETs: metallic (m-m/m-
s), semi-metallic (s-m) and semiconducting (s-s) characteristics. The diameter of 
the DWCNTs exhibiting metallic, semi-metallic and semiconducting 
characteristics are 2.4, 2.37 and 2.34 nm, respectively. (b) IDS-VGS curves of two 
types of SWCNT-FETs: semiconducting (s) and metallic (m). The diameter of the 









5.4.2  Comparison between s-s DWCNT FET and s-SWCNT FET 
In order to investigate the effects of tube-tube interactions in the s-s 
DWCNT, SWCNTs with diameter similar to that of DWCNTs (more accurately 
that of the outer tube) are selected to fabricate control SWCNT FETs. The 
comparison of transport characteristics (IDS-VGS curve) between the DWCNT and 
SWCNT FETs for various nanotube diameters is shown in Figure 5.3. In these 
comparisons, as the diameter of DWCNT and SWCNT are almost the same, the 
different performance of the two types of transistors could only result from the 
presence of the inner tube of DWCNT, or the inter-tube interaction in DWCNT. It 
is seen that the discrepancies in the electrical characteristics of these two devices 
vary with the nanotube diameter. This means it is the different diameters of the 
inner tube that results in different properties of the DWCNT.  
As carbon nanotube transistors are Schottky barrier transistors (Heinze et 
al., 2002; Shidong and Grifoni, 2007) and high work function contacts (Ti/Au) 
would always lead to p-type characteristic (Nosho and et al., 2006), the on-state 
current (ION) of the DWCNT (and SWCNT) FETs in this work is defined as the 
source-drain current (IDS) at a gate voltage, VGS = -10 V, while the off-state current 
(IOFF) is the smallest IDS in the gate voltage range of  -10 V < VGS < 10 V. Figures 
5.4 shows the ION and IOFF comparison between the DWCNT and SWCNT FETs 
as a function of nanotube diameter.  
 






Figure 5.3: The IDS-VGS (VDS = 0.1 V) comparison between DWCNT and SWCNT 
FETs. The diameters of DWCNT and SWCNT are respectively: a) 2.34 and 2.31 
nm, b) 1.62 and 1.6 nm, and c) 1.38 and 1.34 nm. 






Figure 5.4: The On-current (ION) and Off-current (IOFF) of DWCNT and SWCNT 
FETs as a function of the nanotube diameter. ION  is IDS at VGS = -10 V and VDS = 
0.1 V, while IOFF  is the lowest IDS in the range of VGS  from -10 to 10 V. the solid 




5.4.2.1 For large diameter nanotubes (d  2 nm) 
It is seen in Figure 5.4 that when the tube diameter is large (d  2 nm), the 
On-current (ION) of both DWCNT and SWCNT FETs increase monotonically 
with increasing tube diameter. This is attributed to the decrease of the Schottky 
barrier height at the DWCNT (SWCNT)/Au contacts, as a result of the increasing 
tube diameter. However, the values of ION are different for these two types of 
devices, with ION (DWCNT) > ION (SWCNT), as observed in Figure 5.4. On the 
other hand, the Off-current (IOFF) of these two devices are almost the same. An 





example of a pair of such FETs is shown in Figure 5.3a for a nanotube diameter, 
d~2.31-2.34 nm. It is seen that both devices exhibit ambipolar characteristic 
owing to the small bandgap (or large diameter) of tubes. Although they have 
almost the same value of n-branch current (~10 nA), the ION of DWCNT FET is 
about 2 times that of SWCNT FET. The Schottky barrier height (SBH) of both 
contacts were measured according to the Schottky barrier model (Sze, 1981) (see 




















be         (5.2) 
It has been found that the SBH for DWCNT/Au contact is ~ 31 meV and that of 
SWCNT/Au contact is ~ 34 meV, as indicated in Figure 5.5b, which are very 
similar. This means the inter-tube interaction in DWCNT does not impact 
significantly its bandgap and work function, which determine the Schottky barrier 
at the DWCNT and metal contact. Therefore, the larger current of DWCNT FET 
can only be attributed to the current from the inner tube or the larger conductance 
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Figure 5.5: (a) Plots of ln(I/T
2
) versus 1/T for T from 200 to 300 K for different 
bias voltages (V = 0.1 to 0.5 V in steps of 0.1 V) for DWCNT and Au Schottky 
contact, VGS=0V. The biased dependent SBH (Φe) is extracted and plotted in (b) 
as a function of bias voltage (V
1/2
) to yield the Schottky barrier height at zero bias 
voltage: Φb. The data for SWCNT and Au Schottky contact are also shown in (b). 
 





The small Schottky barrier height of two contacts also indicates both 
DWCNT and SWCNT in the devices are individual tube rather than tube bundle. 
If the tubes in the channel are in the bundle form the diameter of each tube 
inside the bundle should be much smaller than 2nm which means the bandgap of 
them would be much larger. Therefore large schottky barrier height rather than 
small values would be measured for tube bundle and metal contacts. On the 
other hand the ambipolar characteristic of the devices also proves the devices are 
based on individual tubes rather than tube bundles. 
The devices structure, as shown in Figure 5.1a, indicates that the DWCNT 
is deposited on top of Au surface, forming the side contact and therefore only the 
outer layer of DWCNT is in direct contact with the metal electrodes. As a result, 
the current mainly passes through the outer layer of DWCNT and the tunneling 
current from outer tube to the inner tube is almost negligible under small bias 
voltage (VDS = 0.1 V) (Bachtold et al., 1999; Collins et al., 2001b).  In our work, it 
has been found that the current in inner tube becomes significant to impact the 
electrical characteristic of the DWCNT FET when the drain bias voltage, VDS, is 
larger than 3 V. As shown in Figure 5.6, with the increase of VDS from 0.1 to 1 V 
(by one decade), the ION of both DWCNT and SWCNT FETs also increase by 
around one decade, which means the contacts are almost Ohmic (small Schottky 
barrier contact) and no significant tube-tube interaction happening in the DWCNT. 
However, when VDS is increased from 1 to 3 V, it is seen that the ION of DWCNT 
FET increases by more than 6 times, while that of SWCNT FET increases only by 
around 3 times. This means at high voltage bias, the current passing through the 





inner tube of DWCNT has become significant and contributed substantially to the 
total current even though the inner tube does not contact the Au electrodes 
directly. Therefore, it can be concluded that at low bias voltage (VDS = 0.1 V), the 
current in the inner tube of DWCNT has almost no impact on the characteristics 
of DWCNT FET. Consequently, the larger ION of DWCNT FET observed in 
Figure 5.3a is attributed to the larger conductance of DWCNT.  
It has been suggested (Sunkyung et al., 2007) that the electron–phonon 
scattering in the DWCNT might be weaker than that in SWCNT as a result of 
inter-tube interaction, which is obviously absent in SWCNT. We believe this may 
be the reason for the different conductance of these two types of tubes shown in 
Figure 5.3a. As the inner and outer tubes are coupled, the in-plane phonon modes 
are hence not well defined owing to the breaking of translational symmetry inside 
a nanotube, which makes the electron–phonon scattering ineffective. Although the 
results of Sunkyung et al (Sunkyung et al., 2007) are based on m-m and m-s 
DWCNTs, it is believed their explanation is also applicable to s-s DWCNT as this 
phenomenon results from the unique structure of DWCNT and does not depend 
on the chirality of the inner and outer tubes. Moreover, it has been reported 
experimentally (Green and Hersam, 2009) that, in the form of thin film, DWCNTs 
exhibit a larger current conductivity than SWCNTs, which is also likely to be 
owing to the larger conductance of individual DWCNTs composing the thin film. 
This further corroborates our explanation. 







Figure 5.6: Effect of the drain field on the IDS-VGS characteristics of DWCNT FET 
and SWCNT FETs, VDS= 0.1 V, 1 V and 3 V. 
 
 
However, it is also observed that the n-branch current is almost the same 
for DWCNT and SWCNT FETs, as shown in Figure 5.3a, despite their different 
conductance. It is observed in Figure 5.3a that the p-branch current is always 
about one decade larger than the n-branch current. This is because the Fermi level 
of Ti/Au is closer to the valence band of nanotubes. Therefore, the Schottky 
barrier for electron transport is much higher than that for hole transport. The n-





branch current is hence dominated by the electron Schottky barrier which means 
the effect of nanotube conductance is almost negligible. As discussed earlier, the 
inter-tube interaction does not influence significantly the Schottky barrier of 
contacts under small VDS bias voltage and therefore the n-branch currents of two 
devices are almost the same.   
In the off state, Schottky barriers exist for both holes and electrons. 
Consequently, the off-state current is very sensitive to the Schottky barriers 
formed at the contacts. A simple model for conduction in the off-state is to 
include only the thermionic emission of both carriers: 
)/exp()/exp( 22 kTqBTkTqATI heOFF  , where the factors A and B are 
proportional to the effective mass and inversely to the diameter; Фe and Фh are 
respectively the Schottky barrier height for electrons and holes; T is the 
temperature and k is the Boltzmann constant. Such a mechanism would lead to an 
exponential dependence of IOFF on the barrier height (Tseng et al., 2006). 
Therefore, IOFF is not dependent on the conductance of the carbon nanotube and 
the same IOFF is observed, as shown in Figure 5.3a. 
 
 
5.4.2.2 For intermediate diameter nanotubes (2 > d  1.6 nm) 
When the diameter of nanotubes decreases below 2 nm, the difference 
between DWCNT and SWCNT FETs changes, as shown in Figure 5.4. In fact, the 





ION of DWCNT FET is no longer larger than that of SWCNT FETs. The example 
for a pair DWCNT and SWCNT FETs with a nanotube diameter ~1.6-1.62 nm is 
shown in Figure 5.3b. The smaller diameter means a larger bandgap for the 
nanotubes and hence, a larger Schottky barrier is formed at the nanotube/metal 
contacts, which results in a higher ratio of the p- to n-branch current (more than 
10
2
) in Figure 5.3b than that in Figure 5.3a (~ 10). By using the same methods 
discussed previously to estimate the SBH of this pair of devices, it is found the 
SBH for DWCNT/Au and SWCNT/Au contacts are 107 and 112 meV, 
respectively. The SBHs are still similar for the two types of nanotubes. Therefore 
in these devices, the large Schottky barrier dominates the transport characteristic 
of the carbon nanotube FETs and as a result, the difference between the 
conductance of DWCNT and SWCNT becomes not as important in the transport 
characterization, in contrast to the results shown in Figure 5.3a, where the 
nanotube diameter is bigger (hence a smaller contact Schottky barrier). As for 
IOFF, as discussed previously, as long as the SBH of the carbon nanotube and 
metal contacts is the same, similar IOFF would be achieved.  It is found that the 
subthreshold slope of the DWCNT FET (1.24 V/dec) is smaller than that of 
SWCNT FET (1.36 V/dec) in this case, while they are similar in the earlier case 
(see Figure 5.3a). It should be noted that in this work, the difference in the 
subthreshold slope of DWCNT and SWCNT FETs is found to vary around 10% 
among all the devices. Therefore, we believe the difference of subthreshold 





observed in Figure 5.3b is within experimental variation. It should be noted that 
as the data of DWCNT FETs are not available in the diameter range from 1.7 to 2 
nm, we do not know exactly the differences between the DWCNT and SWCNT 
FETs in this region. However, using the data in the diameter region 1.5~1.7 nm to 
help establish the trends, we may conclude that with decreasing nanotube 
diameter in the range from 2 to 1.6 nm, the device characteristic is more 
dominated by the Schottky barrier rather than the properties of the tube bulk.  
 
 
5.4.2.3 For small diameter nanotubes (d < 1.6 nm) 
Finally, when the diameter of nanotube is small than 1.4 nm, as shown in 
figure 5.4, the decreasing ION and IOFF  of DWCNT FET suddenly turn to increase, 
allowing the DWCNT FETs to exhibit larger ION and IOFF than those of SWCNT 
FETs, as shown in the example of Figure 5.3c. The On/Off current ratio of the 
DWCNT FET becomes less than 10
2
 and it exhibits ambipolar characteristic 
while the corresponding SWCNT (with similar diameter) FETs exhibit high 
on/off current ratio (more than 10
4
) and unipolar p-type characteristic. In principle, 
when the diameter of carbon nanotube is small, the large bandgap should result in 
highly unipolar characteristic owing to large Schottky barrier formed at the 
contacts, as observed for SWCNT FET. However for DWCNT FET, the observed 
IDS-VGS curve indicates that the effective bandgap of the DWCNT is very small 





and hence both the Schottky barriers for hole and electron transport are small. The 
abnormal change of the bandgap of DWCNT is attributed to the inter-tube 
interaction in the DWCNT system. In theoretical studies (Jing et al., 2005; Okada 
and Oshiyama, 2003), it has been reported that the bandgap of s-s DWCNT with 
an ultra-small diameter inner tube would be narrowed owing to the inter-tube 
interaction in the s-s DWCNT system. In DWCNTs, it has been reported that the 
spacing between the inner and outer tubes is about 3.6 Å (Bandow et al., 2001), 
almost independent on the tube radius. Therefore, when the diameter of the outer 
layer of DWCNT is smaller than 1.4 nm, the diameter of inner tube is probably 
very small, down to 1 nm. For carbon nanotube with diameter smaller than 1 nm, 
the curvature of carbon nanotube would probably become significant, and the 
electronic structure of the DWCNT nanotubes would be significantly impacted by 
the different curvatures of the inner and outer tube (Jing et al., 2005; Okada and 
Oshiyama, 2003). This is because when a graphite sheet is rolled into a nanotube, 
the π states electron would be rehybridized with the σ states electron owing to its 
lack of mirror symmetry, which causes the downward shifts of the π and π* 
electron states of the carbon nanotubes. The downward shifts of the π and π* 
states of the inner tube are larger than those of the outer tube as such shift is 
dependent on the tube diameter. The bottom of the conduction band possessing 
the π* character of the inner nanotube is thus located near or below the top of the 
valence band of the outer nanotube. Such overlap between the conduction band of 





the inner nanotube and the valence band of the outer nanotube therefore results in 
the narrowing of the bandgap of s-s DWCNT. As a result, ION of the DWCNT 
FET would be larger than that of the corresponding s-SWCNT FET with the same 
diameter, as the Schottky barrier at the DWCNT/Au contacts would be 
significantly reduced, which also increases the off-current of the DWCNT FET. 
The Schottky barrier height of this DWCNT/Au contact is measured to be around 
16 meV, which corroborates with the above discussion, and the Schottky barrier 
height for the corresponding SWCNT/Au contact is as high as 135 meV. It is 
interesting to find that the IDS-VGS curve of this DWCNT FET has a wide Off state 
region, about 4 V, while that for the two cases of DWCNT FETs (with larger 
diameter) discussed earlier is very small. This is because a small diameter 
DWCNT FET can never be turned off owing to the very small bandgap and hence 
the lowest current, composed of both hole and electron currents, is not sensitive to 
the shift of the Fermi level of Au in the bandgap of DWCNT.  
 
5.5 The Ruthenium contacted DWCNT FET 
In the previous chapters, it has been extensively discussed that the metal 
and CNT contact plays a significantly important role in the transport 
characteristics of CNTFET. In addition, one way to improve the contact 
performance has been discussed in Chapter 3, by means of carbide formation, and 





another way using thiolate molecules doping will be discussed in the next chapter. 
In this work, in addition to investigating the unique transport characteristic of 
DWCNT, we would also investigate the way to optimize the metal and DWCNT 
contact. 
Here, we would use Ruthenium (Ru) as the metal contact of p-type 
DWCNT FET, which has never been reported in literature. This is because Ru has 
a relatively high work function (4.7 eV) which is expected to form small Schottky 
barrier for hole transport in p-type DWCNT FET. More interestingly, oxidation or 
exposure to air of Ru presents no obstacle to its use as electrical contacts, because 
when Ru is oxidized to RuO2, which can happen when it is heated in air at a 
temperature > 300
o
C (Sharma and Hines, 1983), it remains a good electrical 
conductor with a low resistivity (~50 µ cm).  Moreover, RuO2 has a higher work 
function (> 5.0 eV) than Ru and has excellent thermal stability (Jang and Lee, 
2003). Therefore, it is expected that RuO2 contact could perform as well as the 
best contact metals, e.g., Pd and Rh, in the CNTFET.  
As shown in Figure 5.7, the IDS-VGS curve of Ru contacted DWNT FET 
does not significantly change after annealing in vacuum (at 400 ºC for 15 mins). 
However, when it was annealed in O2 gas (at 400 ºC for 15 mins), the ION at p-
branch increased by more than 1 decade which means the contact resistance 
decreased significantly. This change is attributed to the formation of RuO2 at the 
Ru and DWCNT interface. As RuO2 has a higher work function (~5.0 eV) than 





Ru (~4.7 eV), the Schottky barrier height formed at DWNT/RuO2 contact would 
be lower than that at DWNT/Ru contact. However, it is believed the change of the 
work function of metal contact is just one of the causes of the change of the 
contact characteristic. This is because the contact resistance of Pd (work function 
~5.12 eV), despite having a slightly higher work function than RuO2, is only 
several times (not decades) larger than that of Ru. Hence, we believe there are 
additional factors that have led to the significant improvement of contact 
performance (~1 decade) after the formation of RuO2. One possibility is a better 
RuO2/CNT interface formation at the contact which can result in the better quality 
contacts. This is because in the thermal annealing process (~400 
o
C), almost all 
the chemical residues attached at the Ru and DWCNT interface would evaporate. 
Therefore, the contact of DWCNT to the metal surface would be improved which 
means the surface of DWCNT would be more tightly touched with the electrode 
surface. In other words, the contact area could have increased after the annealing 
process, which can also contribute to the decrease of contact resistance.    
Based on the above discussion, it can be concluded that the unique oxide 
of Ru, RuO2,  makes it an excellent candidate of contact to CNTFET, especially 
when the CNTFET is fabricated by depositing CNTs on top of metal electrodes. 
More importantly, Ru contacted CNTFET can be used in rich oxygen 
environment and high temperature condition without worry the of performance 
degeneration.  






Figure 5.7: The IDS-VGS (VDS = 10 mV) characteristics of Ru contacted DWNT 
FETs annealed in vacuum or O2 ambient at 400
◦
C for 15 mins, in comparison with 




In summary, it has been found that in the different tube diameter regions, 
the characteristics of s-s DWCNT FETs can be significantly different from that of 
s-SWCNT FETs. In the diameter region,  2.0 nm > d > 1.6 nm, the DWCNT FETs 
behave similar to SWCNT FETs, as in this region the transistor characteristic is 
dominated by the Schottky barriers at the contacts. However, in the diameter 





region, larger than 2 nm, where the effect of the conductance of tubes becomes 
important, the output current of DWCNT devices is found to be always larger 
than that of SWCNT devices. This is owing to the larger conductance of the 
DWCNT which results from its unique 2-tube structure. Finally in the diameter 
region, smaller than 1.6 nm, the tube-tube interaction in DWCNT becomes 
significant, which results in the bandgap narrowing of s-s DWCNT. Therefore, 
the transport characteristic of s-s DWCNT (d < 1.6 nm) FETs is different from 
that of s-SWCNT FETs, e.g., the output current of DWCNT transistor becomes 
much larger than that of SWCNT transistor and the on/off ratio of DWCNT 
devices is also significantly decreased. Therefore, it can be concluded that the 
inter-tube interaction is important to the electrical properties of s-s DWCNT. Both 
the conductance and bandgap of s-s DWCNT would be influenced by its inter-
tube interaction. In particular, the conductance of s-s DWCNT is always larger 
than that of s-SWCNT with same diameter and the bandgap of s-s DWCNT with 
ultra-small diameter (< 1.6 nm) would be significantly smaller than that of the s-
SWCNT with same diameter. Finally the application of Ruthenium contact in 
DWCNT FET has been investigated which shows that Ruthenium can be a good 
candidate as contact for high performance p-type CNTFET application, especially 
in a rich oxygen and high temperature environment, owing to the formation of its 
oxides (RuO2) at the contact interface.  
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Chapter 6  
Fabrication of single-wall carbon nanotube Schottky diode with asymmetric 
thiolate molecules modified gold contacts  
 
In this chapter, investigations on the modification of gold contacts to CNT by 
means of thiolate molecules will be presented. Our studies have led to the 
successfully fabrication of SWCNT Schottky diode with asymmetric thiolate 
molecule modified gold contacts. 
 
6.1 Carbon nanotube Schottky diodes 
Diodes are one of the fundamental building blocks of modern 
semiconductor devices and they are used in rectification, switching, high 
frequency multiplier and photonic devices. Hence, a high performance diode 
characteristic is crucial to the development of electronic devices.  
Nano-scale CNT diodes have already been achieved by forming either a 
p–n (Abdula and Shim, 2008; Chongwu et al., 2000; Lee et al., 2004; Zhang et al., 
2007a)
 
or metal–semiconductor Schottky junction (Jiao et al., 2008; Lu et al., 
2006; Manohara et al., 2005; Yang et al., 2005). A CNT p-n junction can be 
formed through chemical doping (Chongwu et al., 2000), polymer coating 
(Abdula and Shim, 2008) or intramolecular junctions (Zhang et al., 2007a). In 
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addition, the p-n junction can also be manipulated by electrical gating using a pair 
of split gates (Lee et al., 2004).  
Compared with p-n junction diodes, rectifying metal-semiconductor 
Schottky junctions have advantages owing to their higher switching speeds, lower 
forward resistance, lower noise level and inherent suitability for low-voltage, 
high-current applications (Sze 1981). In addition, the control of doping CNT is 
still a serious challenge and hence the electrical properties of a p-n junction diode 
demonstrated through doping of an individual nanotube always show leaky 
behavior owing to high doping and abrupt junction formation (Chongwu et al., 
2000). Therefore in our work, we focus on CNT Schottky diodes. 
In previous chapters, it has been extensively discussed that the carrier 
transport between carbon nanotubes (CNTs) and metal contacts is controlled 
predominantly by the Schottky barrier (SB) at the contact interface (Heinze et al., 
2002) as the pinning effect is weak (Nosho and et al., 2006). The Schottky barrier 
height (SBH) between SWCNT and metal contact depends on several material 
parameters, e.g., the work function of metal electrode (Nosho and et al., 2006), 
the diameter of SWCNT (Chen et al., 2005b), and the bonding properties between 
SWCNT and metal electrodes (Vitale et al., 2008), of which the work function of 
metal electrode is deemed the most important parameter. Hence, it is possible to 
construct a SWCNT Schottky diode by adjusting the Fermi level alignment 
between the SWCNT and metal contact through engineering the work functions 
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of metal electrodes. This has been demonstrated by a number of research groups 
(Lu et al., 2006; Manohara et al., 2005; Yang et al., 2005), where Schottky diodes 
were fabricated by depositing two dissimilar metals at the two ends of a 
semiconducting SWCNT, one with a work function lower (e.g., Al or Ti) than that 
of SWCNTs (~4.8 eV) to yield a Schottky contact, while the other with a work 
function higher (e.g., Pd, Pt and Au) than that of SWCNTs to achieve an ohmic 
(more near ohmic) contact. These SWCNT Schottky diodes with asymmetrical 
metal contacts have reported good performance, e.g., the Iforward/Ireverse ratio of 
~10
3–104 and a high current carrying capacity in excess of 14 A (Manohara et al., 
2005). However, there is one possible drawback that is associated with the ease of 
oxidation tendency of metals (Al and Ti) with low work functions, which can 
pose a potential obstacle for circuit applications. For example, if the CNT is 
deposited on top of Al electrode to form a diode structure, the device performance 
would deteriorate shortly with the oxidizing of Al in the air. Therefore SWCNT 
Schottky diodes with asymmetrical metal electrodes cannot be fabricated by AC 
dielectrophoresis technology (Vijayaraghavan et al., 2007) which is one of the 
most powerful technologies for CNT devices fabrication.  
Another way to fabricate SWCNT Schottky diodes was reported by Jiao et 
al. (Jiao et al., 2008), where atomic force microscopy (AFM) manipulation was 
used to form asymmetrical SB at the two metal/SWCNT contacts. Although the 
performance of such a device is air-stable, this fabrication method is not only 
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complex but also time consuming, which could rule it out from practical 
applications. 
The fabrication of SWCNT Schottky diodes by means of contact 
engineering using thiolate molecules has been demonstrated (Kim et al., 2006). 
This is because thiolate molecules are known to form self-assembled monolayers 
(SAMs) on the surface of noble metals (e.g., Au, Ag and Pt), which can modulate 
the surface work function with dipole formation on the surfaces of these metals 
(Chun Wei et al., 2007; Rusu and Brocks, 2006). Theoretical studies have shown 
that the work function of Au (~5.2 eV) can be decreased or increased by more 
than 1 eV upon the adsorption of SAMs of the appropriate thiolate molecules 
(Rusu and Brocks, 2006), which means the work functions of Au electrodes can 
be modulated to a value not only lower than that of SWCNTs but also deep below 
the valence band of SWCNTs. Therefore, both Schottky and ohmic contacts with 
SWCNTs can be formed in principle using Au electrodes modified by the 
appropriate thiolate molecules. However, the potential of this SAM technology 
has not been extensively investigated. Therefore in this work, we would fabricate 
SWCNT Schottky diodes by first contacting semiconducting SWCNTs with 
symmetrical Au electrodes, which were subsequently modified separately by 
methanethiol (CH3SH) and trifluoroethanethiol (CF3CH2SH). The combination of 
Au electrodes and these two thiolate molecules has been chosen in the present 
work because Au is stable in forming a good chemical bond with sulfur in the 
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thiolate molecules, but does not react with the carbon part of the organic molecule. 
Moreover, the inert property of Au makes it stable during the AC 
dielectrophoresis process. The two thiolate molecules were chosen because 
CH3SH has been shown theoretically to decrease the work function of Au most 
effectively from ~5.2 to ~3.81 eV, while CF3CH2SH increases most effectively 
the work function of Au to ~6.27 eV (Rusu and Brocks, 2006). Consequently, the 
SBHs at the two Au/SWCNT contacts can be asymmetrically modified most 
effectively by CH3SH and CF3CH2SH, thus leading to high performance SWCNT 
Schottky diodes with concurrently high Iforward and low Ireverse. 
 
 
6. 2 The fabrication procedure of SWCNT Schottky diodes with thiolate 
molecules 
In the present work, SWCNT Schottky diodes were fabricated on a highly 
doped silicon substrate with 100 nm SiO2 on its surface. Individual SWCNTs 
(diameter ~1.5 nm) dispersed in 1 wt% sodium dodecyl sulfate (SDS) solution 
were aligned between two Au electrodes, to yield the Au-SWCNT-Au structure, 
by means of AC dielectrophoresis. The electrodes were defined by electron-beam 
lithography and spaced about 800 nm apart. Using applied AC voltage VP–P = 8 V, 
frequency f = 1 MHz and duration T = 1 min, we obtained a yield of 30% in 
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aligning an individual semiconducting SWCNT across two Au electrodes. The 
details of the fabrication process can also be found in Chapter 2. 
The Schottky diodes are converted from the SWCNT FET by modifying 
the two SWCNT and Au contacts separately with thiolate molecules: 
methanethiol (CH3SH) and trifluoroethanethiol (CF3CH2SH).   
The details of the conversion process are as follows: Firstly lithography is 
performed to protect one of the two Au electrodes using resist (S1811), as shown 
in Figure 6.1a. The partially protected device structure is subsequently immersed 
in a 5 mM CH3SH solution for 20 minutes to modify (decrease) the work function 
of the exposed Au electrode. Similar lithography steps, as shown in Figure 6.1b, 
are performed to expose the other Au electrode (the one protected in the previous 
lithography procedure) to a 5 mM CF3CH2SH solution for 20 minutes to increase 
the work function of the Au surface. By treating the two Au electrodes with 
different thiolate molecules, the Fermi levels of the two treated Au contacts are 
expected to become highly asymmetrical, owing to the formation of interface 
dipoles in opposite direction between Au and the absorbed self-assembled thiolate 
molecules, as indicated in Figure 6.1c and d. Finally, the device structure was 
stripped of resist and cleansed by rinsing in deionized water for 3 minutes and 
blown dry by filtered nitrogen gas. The electrical characteristics of our devices 
were tested by HP 4156C semiconductor analyzer at room temperature in air.  
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Figure 6.1: Fabrication of SWCNT Schottky diodes by asymmetrically tuning the 
Fermi level lineup at the two Au/SWCNT contacts using different thiolate 
molecules: (a) methanethiol (CH3SH) and (b) trifluoroethanethiol (CF3CH2SH). 
The Au/SWCNT contact structure and the dipole direction (indicated by arrows) 
formed between Au and the absorbed self-assembled thiolate molecules are 
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6.3 The electrical characteristic of the SWCNT Schottky diodes  
6.3.1 The modification effect of thiolate molecules on the SWCNT and Au 
contacts 
The effectiveness of the thiolate molecule modification of the CNT and 
Au contact is investigated using a back-gated SWCNT FET. The IDS-VGS curves 
(VDS = 0.1 V) of the transistor is shown in Figure 6.2 as a function of modification 
duration by CH3SH or CF3CH2SH. It is observed in Figure 6.2a that modification 
of CNT/Au contact by CH3SH leads to a lower current at VGS < 0 V, as a result of 
the lower work function of the modified Au contact and the current becomes 
lower with increasing duration. On the other hand, modification of CNT/Au 
contact by CF3CH2SH leads to a higher current at VGS < 0 V, as a result of the 
higher work function of the modified Au contact and it becomes higher with 
increasing duration, as shown in Figure 6.2b. It is also seen that modification 
duration of 20 minutes is effective. As a long processing time is not practical, we 
have conducted subsequent work using modification duration of 20 minutes. As 
shown in Figure 6.3, the Au-SWCNT-Au structure shows a symmetrical I-V 
relation prior to treatment by thiolate molecules. After one of the two Au/SWCNT 
contacts was selectively modified by CH3SH, the symmetrical I-V relation 
becomes highly asymmetrical and diode like with a high rectification Iforward/Ireverse 
ratio of ~10
4
, resulted from a drastically reduced reverse current (at negative 
voltage) to 100 pA, which is about 4 decades smaller than that of the pristine 
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device with symmetrical Au electrodes, and a forward current (at positive voltage) 
that is almost unchanged compared to that of the pristine device. With the second 
Au/SWCNT contact modified by CF3CH2SH, the I-V relation becomes more 
asymmetrical with an even higher Iforward/Ireverse ratio, owing to an increase in the 
diode forward current by about 2.5 times, to ~5 µA, over the device with only one 
Au/SWCNT contact modified by CH3SH. On the other hand, the reverse current 
remains almost unchanged with respect to the diode with only one Au electrode 
modified by CH3SH. 
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Figure 6.2: IDS-VGS curves (VDS = 0.1 V) for back-gated SWCNT FETs as a 




It has been observed in Figure 6.3 that in fact the treatment of Au 
electrode by CH3SH and CF3CH2SH has respectively restricted and enhanced the 
current flow through the Au/SWCNT contact. We also note that our device 
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processing depicted in Figure 6.1 would have the SWCNT exposed to the thiolate 
molecules as well, thus meaning the possibility of doping to the SWCNT. As the 
current flow through a metal/SWCNT/metal structure is determined not only by 
the Schottky barriers at the contact interface, but also by the doping to the 
SWCNT, we need to ascertain which is the main cause of the diode like 
characteristic as shown in Figure 6.3. As shown in Figure 6.2a, when the entire 
FET (i.e., including both the two Au contacts and the SWCNT channel) is 
modified by CH3SH for 20 minutes, the p-channel ON current (ION), i.e., IDS at VGS 
= -10 V, of the FET decreases by almost one decade with respect to that of the 
untreated FET. There are two possible reasons for these observations: i) an 
increased in the SBHs at the CH3SH modified Au/SWCNT contacts, and ii) the 
electron doping to the SWCNT channel by CH3SH. The subthreshold slope, S = 
dVGS/d(logIDS) is seen in Figure 6.2a to increase with the decrease in ION, hence 
one can conclude that the SBHs at the contacts have increased after modification 
by CH3SH, as doping effect does not induce a change in the subthreshold slope. 
On the other hand, as the threshold voltage (VTH) of FET is also observed to be 
slightly shifted by 1~2 V, as shown in Figure 6.2a, this indicates that the electron 
doping to the SWCNT has also happened. By selectively doping only the 
SWCNT channel with CH3SH (with both the Au contacts protected by resist), we 
observe in Figure 6.4a that VTH of the SWCNT FET shifts in the same way and by 
about the same amount as in Figure 6.2a, but not with a simultaneous substantial 
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decrease in the ON current and an increase in the subthreshold slope. This shows 
that the main effect of electron doping to the SWCNT is in the shift of the VTH, 
and it does not change the ON current of the FET significantly. Therefore, one 
can conclude that after CH3SH treatment, the decrease in the ON current of the 
FET (Figure 6.2a) is mainly attributed to the increase of the SBHs caused by 
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Figure 6.3: I-V curves of Au-SWCNT-Au structures before and after modification 
by different thiolate molecules: methanethiol (CH3SH) and trifluoroethanethiol 
(CF3CH2SH) in (a) linear scale; (b) semi-log scale. 
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Figure 6.4: IDS-VGS curves (VDS = 0.1 V) for SWCNT FETs with only SWCNT 
channels modified by thiolate molecules and SWCNT/Au contacts are protected 
by resist: (a) by CH3SH; (b) by CF3CH2SH. 
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On the other hand, the influence of the other thiolate molecules 
(CF3CH2SH) on the Au/SWCNT contact is opposite to that of CH3SH, as shown 
in Figures 6.2b and Figures 6.4b, where the p-channel ON current of the FET is 
increased mainly as a result of a lower SBH at the CF3CH2SH modified 
Au/SWCNT contacts, as indicated by a lower p-channel subthreshold slope 
shown in Figure 6.2b. Although CF3CH2SH does lead to hole doping of the 
SWCNT, as indicated by the positive shift in VTH in Figures 6.2b and Figures 6.4b, 
it does not increase the p-channel ON current significantly, as shown in Figure 
6.4b. In conclusion, CH3SH and CF3CH2SH modifications have respectively 
caused a decrease and increase in the work function of Au surface, which in turn 
result in a higher and lower contact SBH for hole transport. The asymmetric 
change in SBH at the two Au/SWCNT contacts are the main reasons that lead to 
the diode like I-V curves observed in Figure 6.3. Although CH3SH and 
CF3CH2SH treatments will also dope the carbon nanotube, the hole current is not 
significantly affected, as shown in Figures 6.2b and Figures 6.4b.  
 
 
6.3.2 The working mechanism of the SWCNT Schottky diodes  
Figure 6.5 shows the energy band diagrams of our Au-SWCNT-Au 
structure at forward and reverse biases. Before modification, as shown in Figures 
6.5a and b, both Au electrodes have the same work function, thus resulting in 
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similar SBHs at the two Au/SWCNT contacts. As a result, holes transport through 
the Au-SWCNT-Au structure is similar regardless of the polarity of the bias and a 
symmetrical I-V curve is observed. It should be noted that there are two current 
components flowing through the Au/SWCNT contacts, owing to thermionic 
emission and tunneling (indicated by the solid and dashed arrows in Figure 6.5). 
The tunneling component is much smaller than the emission component as the 
Schottky barrier width is thick with pristine Au contacts. However, after both Au 
electrodes are modified by thiolate molecules, both the height and width of the SB 
at CH3SH modified Au/SWCNT contact are increased while those at the 
CF3CH2SH modified Au/SWCNT contact are decreased, as shown in Figure 6.5c 
and d. Consequently, thermionic emission of holes across the CH3SH modified 
Au/SWCNT contact is much reduced as a result of the higher SB when a negative 
bias voltage is applied. Therefore, only tunneling current flows across the contact, 
which has also been reduced owing the broader SB, thus leading to a small 
reverse current (~ 100 pA). On the other hand, holes can flow easily through the 
lower SB at the CF3CH2SH modified Au/SWCNT contact under forward bias. 
Hence, highly asymmetrical I-V curves are achieved in SWCNT Schottky diodes 
with Au electrodes asymmetrically modified by thiolate molecules. 
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Figure 6.5: Energy band diagrams of Au-SWCNT-Au structure under forward and 
reverse bias: (a), (b) before modification; (c), (d) after modification by thiolate 
molecules, CH3SH and CF3CH2SH. In the Figure, solid arrow indicates 
thermionic emission current and dashed arrow indicates tunnelling current. 
 






















be     (6.2) 
the SBH of the untreated Au/SWCNT contact at zero bias, V = 0, is estimated to 
be b~110 meV, by plotting ln(I/T
2
) versus 1/T from 200 to 300 K to determine 
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the bias dependent Schottky barrier height, e, at various bias voltage V (0.1 to 
0.5 V in steps of 0.1V) and subsequently extracting b, as shown in Figure 6.6a 
and b. After modification by CH3SH, the SBH of the Au/SWCNT contact 
increases to b~190 meV (an increase of >70%), hence leading to a much 
reduced current through the contact and resulting in the asymmetrical diode 
characteristics shown in Figure 6.3. 
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Figure 6.6: (a) Plots of ln (I/T
2
) versus 1/T for T from 200 to 300 K for different 
bias voltages (V = 0.1 to 0.5 V in steps of 0.1 V) for SWCNT and Au Schottky 
contact. VGS=0V. The biased dependent SBH (e) is extracted and plotted in (b) 
as a function of bias voltage ( 2/1V ) to yield the Schottky barrier height at zero 
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6.3.3 Enhancing SWCNT Schottky diode performance using asymmetric 
thiolate molecules modified gold contacts   
We have used two types of thiolate molecules to achieve the diode 
structure because one serious drawback of the diode structure with only one of the 
Au/SWCNT contact modified by thiolate molecules is its low forward current. 
This was also observed in the work of Kim et al (Kim et al., 2006) where only one 
of the two Au/SWCNT contacts was modified by another type of thiolate 
molecule, 2-aminoethanethiol (HSCH2CH2NH), to increase the SBH at one 
Au/SWCNT contact. On the other hand, compared with the forward current of 
SWCNT Schottky diodes fabricated with asymmetric metal electrodes (Manohara 
et al., 2005; Yang et al., 2005), the value of our device with just one Au/SWCNT 
contact modified by CH3SH is only 1~2 µA, which is several times smaller. This 
is because the other untreated Au/SWCNT contact remains non-ohmic and has a 
substantial SBH of b ~110 meV. As a result, the forward current is limited. In 
order to overcome this obstacle, we therefore use a second thiolate molecule, 
CF3CH2SH, in the current work to modify the other Au/SWCNT contact so as to 
increase the work function of the Au electrode. This results in the reducing of the 
SBH at Au/SWCNT contact and brings it closer to an ohmic characteristic. As 
shown in Figure 6.6b, the SBH after CF3CH2SH modification is decreased to b 
~40 meV (by >60% compared to the pristine Au/SWCNT contact) and this has 
led to an increase in the diode forward current by about 2.5 times to ~5 µA, as 
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shown in Figure 6.3. This forward current value is closer to that reported for 
SWCNT Schottky diodes with asymmetrical metal electrodes (using high work 
function metal Pd or Pt as ohmic contacts) (Manohara et al., 2005; Yang et al., 
2005)
 
and as expected, much higher than that of the diodes reported by Kim et al 
(Kim et al., 2006) with only one Au/SWCNT  contact modified by thiolate 
molecules.  
Although theoretical studies have indicated that the work function of Au 
which is modified by CF3CH2SH is expected to be 6.27 eV (Rusu and Brocks, 
2006), which is much higher than that of either Pd (~5.2 eV) or Pt (~5.6 eV), the 
forward current of our diodes is not better than that of diodes with Pd (Pt) 
contacts (Manohara et al., 2005; Yang et al., 2005). One reason is probably that 
the 20 minute duration of CF3CH2SH treatment to the Au/SWCNT contact is not 
sufficiently long to yield the expected work function of Au of 6.27 eV, but results 
only in a lower value. As shown in Figure 6.2b, an extended 14 hour treatment 
will lead to a higher ION which shows that a 20 minutes treatment by CF3CH2SH 
may be not long enough to induce the maximum increase in the work function of 
Au surface. This could also explain the moderate SBH, b ~40 meV, of the 
Au/SWCNT contact modified by CF3CH2SH for 20 minutes. The imperfect 
chemical bonding between the SWCNT and Au, which may not have been 
improved by CF3CH2SH treatment, could probably be another cause for the 
moderate SBH b ~40 meV.  It is known that despite Au and Pd having similar 
Chapter 6 Fabrication of single-wall carbon nanotube Schottky diode with 




work function, Au/SWCNT contact has a larger SBH than Pd/SWCNT contact 
because the chemical bonding between Au and SWCNT is worse than that 
between Pd and SWCNT (Vitale et al., 2008). We had also fabricated SWCNT 
FETs with Pd contacts and the SBH of the Pd/SWCNT contact was measured as 
b ~17 meV, which is less than half the SBH of Au/SWCNT contact modified by 
CF3CH2SH. The third possible reason is the side-contact structure (SWCNTs 
lying on top of metal electrodes and bonding with Van der Waals force) used in 
our diodes which has led to a larger contact resistance, in contrast to the 
embedded-contact structure used in the works of Yang et al (Yang et al., 2005)
 
and Manohara et al (Manohara et al., 2005).   
The reverse current of our diodes is at least one decade smaller (~100 pA) 
in comparison to that of the SWCNT Schottky diodes with asymmetrical metal 
electrodes (Lu et al., 2006; Manohara et al., 2005). One possible reason is the low 
work function of Au electrode modified by CH3SH (expected to ~3.8 eV
 
(Rusu 
and Brocks, 2006)) which is lower than that of the low work function metals (Al ~ 
4.1 eV, Ti ~ 4.3 eV). The side-contact structure of our diodes may also be a 
contributing factor. Based on the results shown in Figure 6.2a, it can be concluded 
that the 20 minute modification by CH3SH has not attained the lowest possible 
work function, since a much longer 14 hour treatment will induce a lower ION. 
This also means that it is possible to reduce the reverse current of our diodes 
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further by extending the CH3SH treatment to the Au/SWCNT contact to a longer 
duration to restrict more the hole injection through the contact. 
Using the diode current equation:   1/   nkTIRVqs SeII , the current 
ideality factor, n, of our SWCNT Schottky diodes is estimated to be ~1.42-1.8, 
which is a bit better than that reported for SWCNT Schottky diodes with 
asymmetrically metal electrodes (ranging from 1.5 to 1.9) (Manohara et al., 2005).  
In the current equation, Is is the reverse saturation current, q is the electron charge, 
V is the bias voltage, RS is the lumped series resistance, k is Boltzmann constant, 
and T is the absolute temperature. In summary and based on preceding discussion, 
we can conclude that high performance SWCNT Schottky diodes can be 
fabricated by the SAM technology with more ideal I-V characteristics, lower 
reverse current, higher rectification Iforward/Ireverse ratio and similarly high forward 
current compared to SWCNT Schottky diodes fabricated with asymmetrical metal 
electrodes
 
(Lu et al., 2006; Manohara et al., 2005; Yang et al., 2005).  
 
 
6.3.4 The effect of back gate voltage on the electrical characteristic of the 
SWCNT Schottky diodes  
Figure 6.7 shows the I-V characteristics of our SWCNT Schottky diodes at 
different back-gate bias (VGS), where it is seen that the forward and reverse 
currents of the diodes are gate bias dependent. This is not unexpected as the 
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applied gate voltage will modulate the SB of the Au/SWCNT contacts of diodes 
by ‗pushing‘ the valence band of the SWCNT up and down at negative and 
positive gate bias, respectively. In reverse bias, the diode current is mainly 
determined by the hole current flowing through the contact with a higher SBH 
(the Au/SWCNT contact modified by CH3SH) and is mainly the tunneling current 
as the thermionic emission current is blocked mostly by the large SBH, as shown 
in Figure 6.5d. As the tunneling current is sensitive to the Schottky barrier width, 
the reverse current is increased significantly when the gate voltage is changed 
from 0 to -10 V, as seen in Figure 6.7, owing to the decrease in the Schottky 
barrier width at negative gate bias. On the other hand, when the gate voltage is 
changed from 0 to +10 V, the Schottky barrier width is broadened and leads to a 
lower reverse current for the diode. However, the decrease is only marginal, as 
seen in Figure 6.7. This could signify that positive gate voltage does not modulate 
the width of Schottky barrier as effectively as negative gate voltage.  
The forward current of the diode is determined by the hole current flowing 
through the contact with a lower SBH (the Au/SWCNT contact modified by 
CF3CH2SH), as seen in Figure 6.5c, and its dependence on gate voltage shows 
that in addition to the expected thermal emission component, the tunneling 
component could be substantial as well as the gate voltage primarily modulates 
the width of Schottky barrier, but not its height. Negative and positive gate 
voltages lead to a narrower and broader Schottky barrier, respectively, hence 
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resulting a higher and lower forward current, as observed in Figure 6.7. The gate 
voltage dependence of the diode forward current also means the SBH of the 
Au/SWCNT contact which is modified by CF3CH2SH is not low enough to yield 
an ohmic contact and this agrees well with the measured SBH b~40 meV, which 
is a moderate height.  If the contact is ohmic, the forward current should have 
only minimal dependence on the gate voltage.  
 
Figure 6.7: I-V characteristics of SWCNT Schottky diode at different gate 
voltages (VGS= -10, 0 and 10 V) in semi-log scale. 
 
 
6.3.5 The stability of SWCNT Schottky diodes by thiolate molecules 
Finally, it has been found that SWCNT Schottky diodes fabricated by the 
SAM technology are not stable in air when left unpassivated. After exposure to air 
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for several days, the highly asymmetrical I-V characteristic degrades and becomes 
more symmetrical, as shown in Figure 6.8. This is probably owing to the 
oxidation of SAM, which means the dipole induced by thiolate molecules will be 
damaged by oxidation after several days and the work function of Au surface will 
revert to its pristine value (Cortes et al., 2009; Yang et al., 2004). One possible 
way to overcome this problem and to improve the stability of SAM technology is 
probably to deposit a layer of oxygenless insulator such as SiNx to protect the 
devices to prevent the SAM formed at the Au surface from reacting with O2 
molecules.  
 
Figure 6.8: I-V curves of SWCNT Schottky diode fabricated by SAM technology 
after fabrication and after 5 days of exposure to air. 
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6. 4 Summary 
We have demonstrated experimentally the effectiveness of thiolate 
molecules, CH3SH and CF3CH2SH, in tuning the work function of Au surface 
asymmetrically and have applied it to the fabrication of SWCNT Schottky diodes. 
Symmetrical Au-SWCNT-Au structures have been converted to Schottky diodes 
by asymmetrically modifying the two Au/SWCNT contacts using CH3SH and 
CF3CH2SH, which respectively decreases and increases the work function of Au 
surface, resulting in a higher and lower SBH at Au/SWCNT contacts. The 
Au/SWCNT contacts modified by CH3SH and CF3CH2SH have SBHs of ~190 
and ~40 meV, increased by over 70 % and decreased by over 60% respectively 
with respect to that of pristine Au/SWCNT contact of ~110 meV. Our SWCNT 
Schottky diodes have a forward and reverse current ratio (Iforward/Ireverse ) higher 
than 10
4
, a forward current as high as ~5 A, a reverse leakage current as low as 
~100 pA and a current ideality factor as low as ~1.42. In conclusion, the 
performance of SWCNT Schottky diodes fabricated by asymmetrically modifying 
Au contacts using different thiolate molecules is shown to be at least comparable 
to, if not better than those fabricated with asymmetrical metal electrodes, which 
suggests that this technique could be a useful method to fabricate high 
performance carbon nanotube Schottky diodes. 
 





Conclusions and Suggested Future Work 
 
7.1 Conclusion 
In this thesis, we have fabricated and characterized several types of CNT based 
devices: individual SWCNT FETs (i-SWCNT FETs), random network SWCNT 
FETs (rn-SWCNT FETs), DWCNT FETs, and SWCNT Schottky diodes. This has 
led to a better understanding of the operation of such devices. Emphasis was 
placed on the CNT/metal contact and that has allowed us to fabricate high 
performance p-type i-SWCNT FETs with niobium carbide end contacts, n-type 
rn-SWCNT FETs with Yttrium contacts, and SWCNT Schottky diodes with 
asymmetric thiolate molecules modified gold contacts. We have also identified 
that RuO2 could make an excellent contact to CNT. In the following sections, 
more details will be presented. 
 
7.1.1 High performance CNTFET with niobium carbide contact 
Application of metal carbide as contacts is a potential way to achieve 
stable Ohmic contacts in CNTFETs. In our work, SWCNT FETs with Nb carbide 
(Nb2C) contacts have been fabricated by annealing in vacuum at 700 
o
C for 1 hr. 
The Nb2C/SWCNT contacts demonstrate very small Schottky barrier height of 




~18 meV to p-type transport. This is attributed to the higher work function of 
Nb2C (~5.2 eV) and/or improved bonding between Nb2C and SWCNTs, e.g., end-
contact structure formed at SWCNT and Nb2C interface. Therefore, the Nb2C 
contacted SWCNT FETs exhibit performance as good as those with Pd contacts: 
the p-channel ON current is as high as 0.5 A at VDS = 0.1 V, ION/IOFF ratio is up 
to ~10
5
, and the subthreshold slope is ~550 mV/dec. Moreover, compared with 
another well studied metal carbide contact — titanium carbide, Nb2C contacts 
yield more unipolar p-type SWCNT FETs, as a result of the higher work function 
of Nb2C. This suggests Nb2C surpasses TiC as a candidate as contact for CNTFET 
application. More importantly, the application of Nb2C carbide can overcome the 
challenge of the metal contact in CNTFET — Nb2C contacts can form near 
Ohmic contacts to small diameter (~1 nm) SWCNTs which cannot be achieved by 
Pd contacts.  
 
 
7.1.2 n-type random network single-wall carbon nanotube field effect 
transistor with Yttrium contacts 
High performance n-type rn-SWCNT FET is critically important to CMOS 
applications of CNT based thin film FET. In our work, it has been achieved by 
means of contact engineering, where a low work function metal, Yttrium (Y), is 
used for the source and drain contacts.  




In our work, it has been found that Yttrium electrodes lead to n-type 
characteristic for rn-SWCNT FETs owing to its ultra-low work function while 
ambipolar characteristic is also observed. The ambipolar transport characteristic is 
believed to be due to the presence of crossed metallic (m-) and semiconducting (s-) 
SWCNT junctions in the channel of rn-SWCNT FETs, which form p-type 
rectifying Schottky barrier and introduce non-negligible hole current. By applying 
chemical etching using 2,4,6-triphenylpyrylium tetrafluoroborate (2,4,6-TPPT), 
we have successfully converted the ambipolar rn-SWCNT FETs to highly 
unipolar n-type devices by selectively removing the m-SWCNTs in the FET 
channel and hence, eliminating the m-s tube junctions.  
The typical characteristics of our unipolar n-type rn-SWCNT FETs are as 
follows: ION/IOFF ratio up to ~10
5







transconductance of 0.12 S/m, and they have demonstrated air-stable n-type 
characteristics. More importantly, the rn-SWCNT FETs have better 
reproducibility than FETs based on individual SWCNT. 
 
7.1.3 Fabrication of single-wall carbon nanotube Schottky diode with gold 
contacts modified by asymmetric thiolate molecules 
We have fabricated SWCNT Schottky diodes by asymmetrically 
modifying the two Au/SWCNT contacts using different thiolate molecules, 
methanethiol (CH3SH) and trifluoroethanethiol (CF3CH2SH). Characterization 




has revealed that highly asymmetrical contacts with Schottky barrier heights of 
~190 and ~40 meV (increased by over 70% and decreased by over 60%, 
respectively with respect to that of pristine Au/SWCNT contact of ~110 meV) 
were achieved for the CH3SH and CF3CH2SH modified Au/SWCNT contacts.  
The performance of our SWCNT Schottky diodes was as follows: the 
forward and reverse current ratio (Iforward/Ireverse ) higher than 10
4
, a forward 
current as high as ~5 A, a reverse leakage current as low as ~100 pA, and a 
current ideality factor as low as ~1.42. This is at least comparable to, if not better 
than SWCNT Schottky diodes fabricated with asymmetrical metals. 
In our work, we have optimized the electrical characteristic of CNT 
Schottky diodes fabricated by thiolate molecules, and the results suggest that this 
may be a viable way to achieve practical CNT Schottky diodes. 
 
7.1.4 Semiconducting-Semiconducting Double-Wall Carbon Nanotube 
Field Effect Transistors  
In our work, it has been found the s-s DWCNT can also be used for 
CNTFET application, and the tube-tube interaction is important in the transport 
characteristic of DWCNT, as the s-s DWCNT FET can behave differently from s-
SWCNT FET, depending on the nanotube diameter.  
The conductance of DWCNT is found to be always larger than that of 
SWCNT owing to the inter-tube interaction in the DWCNT, e.g., less electron-




phonon scattering in DWCNTs. In addition, we have also shown that the Schottky 
barrier height (SBH) at the CNT/metal contact is similar for SWCNT and 
DWCNT with the same diameter. In other words, the inter-tube interaction in 
DWCNT does not have a significant effect on the SBH at the CNT/metal contact. 
When the diameter of DWCNT and SWCNT is large (> 2 nm), i.e., when 
the SBH at the CNT/metal contact is low, the transport characteristic of CNTFET 
is mainly controlled by the bulk nanotube resistance and the output current of the 
DWCNT FETs is always larger than that of SWCNT FETs. However, when the 
tube diameter of DWCNT and SWCNT is intermediate (1.4 nm < d < 2 nm), i.e., 
when the SBH at the CNT/metal contact becomes substantial, the transport 
characteristic of CNTFET is dominated by the Schottky barrier at the contacts, 
and the DWCNT FET behaves similar to SWCNT FET. This is because the 
difference in nanotube resistance becomes insignificant in comparison to the 
contact resistance. It is interesting to find that when the tube diameter is smaller 
than 1.4 nm, the tube-tube interaction in DWCNT results in the bandgap 
narrowing of the s-s DWCNT. The output current of DWCNT transistor then 
becomes much larger that of SWCNT transistor and the on/off ratio of DWCNT 
devices is also significantly decreased. 
And in the study of DWCNT FETs, it has also been found that the unique 
oxide of Ru, RuO2,  is an excellent candidate for contact to p-type CNTFET, 
especially when the CNTFET is fabricated by depositing CNTs on top of metal 




electrodes. This is not only because of the high work function of RuO2 (~5.0 eV) 
which leads to small Schottky barriers for hole transport but also due to the good 
contact interface formed between RuO2 and DWCNT. Moreover Ru contacted 
CNTFET can be used in rich oxygen environment and high temperature condition 
without worry of the performance degeneration due to the formation of RuO2 in 
such conditions.  
  
 
7.2  Suggested Future Work on carbon nanotube electronics 
7.2.1  Other metal carbide contacts for CNTFET application 
In our experiment, even though high performance p-type CNTFET with 
Ohmic contact has been achieved by using Nb electrodes with the formation of 
Nb2C, it is still of interest to investigate other metal carbides, e.g., Co and Mo.  
As has been discussed, a major hurdle to the widespread application of 
CNTs in FETs is the control of the position and orientation of CNT ensembles. To 
date, the direct synthesis of CNTs at desired positions has been identified as one 
promising way to overcome this challenge (Jing et al., 1998; Woong et al., 2002). 
In this method, transition metals such as Co, Fe and Mo are used as the catalyst 
islands. Therefore, it may be possible to form directly the transition metal carbide 
between these metal islands and CNTs during synthesis, i.e., an in-situ process. 




Consequently, the investigation of the characteristic of these metal carbide/CNT 
contacts can be of relevance.  
Another meaningful future work is to look for metal carbides that can 
form unipolar n-type contacts with CNTs. This will be important to the CMOS 
application of CNTFETs. To our knowledge, such results have not been reported.  
  
 
7.2.2  Metal gate engineering 
In this dissertation, the study of CNTFETs is mainly focused on the CNT 
and metal contact. However, there is another important application of metal in 
CNTFET structure — metal gate. This is because for a CNTFET, the metal gate is 
important to the control of threshold voltage (VTH) — the switching control of 
CNTFET. However, compared with the CNT and metal contact, the study on 
metal gate of CNTFET is still preliminary (Chen et al., 2007).  
As mentioned in chapter 1, the precise control of threshold voltage of 
CNTFET is still a challenge. For a given undoped CNTFET with a fixed energy 
gap (tube diameter) and oxide thickness, tuning the work function of the gate 
metal is the only way to control the threshold voltage. This is because the gate 
work function acts like an extra voltage source in addition to the applied gate 
voltage. However, unfortunately, the accurate relationship of the work function of 
gate metal to VTH of CNTFET is still not clear. In addition to the work function, 




the impact of metal and insulator interface on VTH also warrants investigations. 
Therefore, it is necessary to understand the working mechanism of the metal gate 
in CNTFET and to optimize it for both p- and n- type CNTFETs, 
 
 
7.2.3  Graphene FETs 
7.2.3.1 Brief comparison between graphene and CNT 
In 2004, Novoselov, Geim, and co-workers at the University of 
Manchester used a simple mechanical exfoliation technique to obtain supported 
single layer graphene and study its electrical properties (Novoselov et al., 2004; 
Novoselov et al., 2005). This study has generated enormous interest and intense 
activity in graphene research (Allen et al., 2009; Castro Neto et al., 2009; Geim, 
2009; Geim and Novoselov, 2007). And it has been found the electrical, optical, 
mechanical, and thermal properties of graphene achieve extreme values that are 
hardly met by any other materials, e.g., the π electrons in graphene provide an 
ideal 2D system: single atom thickness with the π and π* states non-interacting.  
Nowadays, many researchers who used to work on CNT electronics have 
moved to work with graphene. Does this mean graphene is a better material than 
CNT? And is there a future for CNT based electronic devices? In order to answer 
these questions, in this section we would like to do a brief comparison between 




graphene FET (GFET) and CNTFET and investigate the possible future work on 
GFET. 
Comparing the transport properties of graphene and carbon nanotubes, we 
find that they are, in many respects, similar. For example, in both cases the 
carriers can have very high mobilities (Bolotin et al., 2008; Du et al., 2008) and 
ambipolar transport (Novoselov et al., 2004). However, there are also differences, 
the most important, from the device point of view, being the difference in 
dimensionality (1D vs 2D). And there is the presence of a band gap in 
semiconducting nanotubes while graphene is a zero-bandgap semiconductor 
(Novoselov et al., 2004). Moreover from the practical point of view, nanotubes, 
with their many different chiralities, pose a problem in producing a well-defined 
starting material for technology. Graphene, on the other hand, is well-defined and 
its planar geometry allows the use of the highly advanced techniques already 
developed in the semiconductor industry.  
 
 
7.2.3.2 Comparison between graphene FET and CNTFET 
Semiconducting nanotubes which have band gaps that scale inversely with 





, appropriate for digital switches. Graphene, on the other hand, 
does not have a band gap which means it does not turn off completely, even 




though the density of states (DOS) = 0 at EDirac. Experimentally, most studies of 
graphene FETs (GFETs) obtain ION/IOFF ratios ≤ 10 (Novoselov et al., 2004). 
Therefore GFETs are not appropriate for digital switches.  
Then why is there such a strong interest in graphene electronics? The key 
attractions of graphene are its outstanding carrier mobility, the good 
transconductance of graphene devices, and the ultimate thinness and stability of 
the material. These characteristics suggest that graphene may be an ideal material 
for radio frequency (rf) analog electronics. This is because in analog rf operation, 
completes switch-off of the device is not necessary. The key performance metric 
of these high-frequency transistors is their cut-off frequency, fT (fT = gm/2πC, 
where gm and C are the transconductance and capacitance of the device, 
respectively (Schwierz, 2010)), which is defined as the frequency at which the 
current gain of the device becomes 1 and signifies the maximum frequency at 
which signals can be propagated in the transistor. Therefore graphene FET with 
high transconductance can exhibit high fT. Currently, the highest published fT 
value for an rf GFET is 100 GHz for 240 nm gate length transistors  (Lin et al., 
2010).  
Recently researchers are looking for a way to open a bandgap in graphene 
to make it possible for digital switch application. An approach to open a bandgap 
in graphene is to reduce the dimensionality of graphene from 2D to 1D by cutting 
graphene into narrow ribbons, graphene nanoribbons (GNRs) (Li et al., 2008). If 




the GNR is narrow enough, 1D confined states are formed similar to those of a 
particle in a narrow, long quantum box. The gap opened is inversely proportional 
to the width of the GNR. For a substantial gap, ≥0.5 eV, which can allow room 
temperature operation of devices, GNRs with a constant width of 2-3 nm are 
required. Unfortunately, current lithographic techniques cannot deliver such 
performance. Furthermore, problems with ribbon width reproducibility, edge 
roughness control, and production scale limit the usability of the existing 
techniques in technology.  
In conclusion, both GFET and CNTFET are important for nano-
electronics devices in the future but for different applications, e.g., CNTFET for 
digital switches and GFET for rf analog electronics. It is therefore unfair to 
predict there is no future development space for CNT electronic devices with the 
appearance of graphene. Especially to date CNTFET is still considered as the 
most promising candidate to replace Si in digital switch devices.  
 
 
7.2.3.3 Future work on graphene and metal contact 
As same as CNTFET, even though graphene itself has excellent electrical 
properties, if there is no good contact developed between graphene and metal 
contact, none of the excellent electrical properties can be fully utilized in practical 




devices. This is because carriers have to be injected into graphene and then 
collected through metal contacts.  
One key problem that needs to be addressed for GFET is that of the 
contact resistance, which limits fT and therefore must be reduced, especially for 
scaled devices operating near the ballistic limit (Schwierz, 2010). Therefore in 
order to improve the performance of GFET, ultra-low contact resistance needs to 
be developed. In addition the transport mechanism between graphene and metal, 
e.g., from a pure 2D system to a 3D system, is still not clear which becomes a 
challenge not only to the practical application of graphene devices but also to the 
understanding of physical properties of graphene.  
Therefore in our future work when we move to graphene FET, a possible 
focus can be the graphene and metal contact which is not only extremely 
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